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Abstract
The continuous and rapid growth of urbanization over the twentieth century has led to increas-
ing man-made geohazards caused by uncertainties in the geological and geotechnical models
due to lack of geological information and skills of modeling process. In order to maintain a
sustainable city development, a comprehensive three-dimensional (3-D) geological modeling
procedure has been proposed to capture and represent the geological variability and complex-
ity of the shallow subsurface in the urban area. Within the scope of this thesis an approach
coupling geostatistical analysis based on two-dimensional (2-D) variogram analysis with Dis-
crete Smooth Interpolation was developed to describe a reliable geological boundary.
The main objective of 3-D geological model in the urban area is to support attribution mod-
els with more reliable geological framework. The widely applied attribution model at present
is to assign each geological unit with one unique property, which however cannot describe
the variability of the property in the subsurface. A more informative attribution modeling
method has been proposed, which consists of three steps: assigning the geological model with
discrete property values at the real positions, analyzing the spatial variability of the property,
and predicting the property in the whole model. The proposed method can only be imple-
mented based on a cell-based volumetric model, which can be generated from the proposed
3-D geological modeling procedure.
The two methodologies were exemplified by the inner Aachen City, Germany. The shal-
low subsurface of the modeling area deformed by the fault system was visualized from the
proposed modeling methodology. The property of bearing capacity was attributed to the geo-
logical model and visualized as 2-D cross-section maps. The percentage gravel, sand, silt and
clay data were assigned to the model of the Quaternary deposits, and then estimated in the
3-D space to generate a 3-D soil fraction model. Based on the soil fraction model, volumetric
water content and hydraulic conductivity, two most important parameters in groundwater
flow modeling, were inferred for each voxel of the model of the Quaternary deposits by es-
tablishment of pedotransfer functions. The resultant 3-D geological and attribution models
have demonstrated the availability of the presented methodologies and can allow more appli-
cations regarding geotechnical engineering, civil engineering and hydrogeological investigation.
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Kurzfassung
Das kontinuierliche und rasche Wachstum der Urbanisierung im 20. Jahrhundert hat zu
einem Anstieg von anthropogen induzierten Georisiken gefu¨hrt, welche durch Unsicherheiten
in geologischen und geotechnischen Modellen aufgrund fehlender geologischer Informationen
und mangelndem Fachwissen im Modellierungsprozess begru¨ndet sind. Um eine nachhaltige
Stadtentwicklung zu fo¨rdern, wird ein umfassendes 3-D geologisches Modellierungsverfahren
zur Erfassung und Darstellung der geologischen Variabilita¨t und Komplexita¨t im oberfla¨chen-
nahen Untergrund des Stadtgebiets vorgeschlagen. Fu¨r eine zuverla¨ssige Beschreibung der
geologischen Grenzen ist im Rahmen dieser Arbeit eine Methode entwickelt worden, bei der
die auf zweidimensionale (2-D) Variogrammanalyse basierende geostatistische Analyse von
geologischen Schichtgrenzen mit Diskrete Smooth Interpolation (DSI) gekoppelt worden ist.
Das Hauptziel des 3-D geologischen Modells im Stadtgebiet ist, ein Attributionsmodell mit zu-
verla¨ssigem geologischen Rahmen zu unterstu¨tzen. Das zurzeit ha¨ufig eingesetzte Attribution-
smodell weist jeder geologische Einheit einer einzigartigen Eigenschaft zu, deren Variabilita¨t
im Untergrund dadurch allerdings nur unzureichend beschrieben werden kann. Eine informa-
tivere Methode fu¨r Attributionsmodellierung ist in dieser Arbeit vorgeschlagen. Bei dieser
Methode bedarf es dreier Schritte: Zuordnung der diskreten Eigenschaftswerte ins geologische
Modell an den realen Positionen, Analyse der ra¨umlichen Variabilita¨t der Eigenschaftswerte
und Vorhersage der Eigenschaften im gesamten Modell. Das vorgeschlagene Verfahren kann
nur auf Basis eines zellbasierten volumetrischen Modells umgesetzt werden, das aus dem
vorgestellten 3-D geologischen Modell erzeugt werden kann.
Die beiden Methoden sind am Beispiel des Innenstadtbereichs der Stadt Aachen, Deutschland
veranschaulicht. In diesem Testgebiet ist der durch Sto¨rungssysteme verformte oberfla¨chen-
nahe Untergrund mit Hilfe des vorgeschlagenen Modellierungsverfahrens visualisiert. Die
Eigenschaft der Tragfa¨higkeit der geologischen Schichtenist dem geologischen Modell attribu-
tiert und als 2-D Karte im Querschnitt visualisiert. Die Fraktionen von Kies, Sand, Schluff
und Ton sind im Modell der Quarta¨rablagerungen zugewiesen, um ein 3-D Modell der Bo-
denfraktionen als Basis fu¨r weitere Attributierungen zu erstellen. So sind auf diesem 3-D
Bodenfraktionmodell die zwei fu¨r GW-Stro¨mungsmodellierung wichtigsten Parameter bzw.
volumetrische Wassergehalt und hydraulische Leitfa¨higkeit fu¨r jedes Volumenelement des
Modells von Quarta¨rablagerungen mit Hilfe sogenannter Pedotransferfunktionen abgeleitet.
Die daraus resultierenden 3-D geologischen Attributionsmodelle haben die Verfu¨gbarkeit der
vorgeschlagenen Methoden nachgewiesen und ermo¨glichen weitere Anwendungen im Bereich
von Geotechnik, Ingenieurbau und hydrogeologische Untersuchungen.
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1Introduction
The three-dimensional (3-D) geological model is the spatial representation of the distribution, geometry
and structure of the subsurface conditions. Geological models are generally built up from field observa-
tions such as drilling records, geophysical measurements, two-dimensional (2-D) geological mapping or
seismic observations etc. In the urban area, the underground condition just below the Earth’s surface
controls the cost and feasibility of the construction projects from the aspects of physical properties of the
foundation soil, depth of groundwater, and susceptibility of subsoil to liquefaction etc. (Kessler et al.,
2008). The structure of the shallow subsurface in the urban area differs from those in the deep area of
the earth since it not only suffers transformations from climate changes but also is frequently changed by
the anthropogenic engineering works. Thus, 2-D geological maps and cross-sections are not adequate to
supply enough geological information for the rapid development of cities nowadays, which is characterized
as many more tall, heavy and dense buildings. In recent years, 3-D geological models are increasingly
used to visualize the shallow subsurface for city development for many reasons: they can provide sound
prediction and representation of subsurface structure, process verification of structural assumptions by
geologists, store large quantities of information, as well as update the model rapidly by adding new data.
In the past, 3-D geological models are generally applied to solve the regional hydrogeological issues and
to protect the natural resources (Holzer, 2006; Medhurst et al., 2010). At present, the usage of 3-D geo-
logical models has been extended to many more fields, such as civil engineering, geotechnical engineering,
resettlement of waste disposal dump, and numerical analysis etc.
1.1 Motivation
The growth of urbanization throughout the world over the twentieth century has increased the attention
to the urban geological environment. The shallow underground environment in the urban area, where
many infrastructures and municipal utilities are located, plays an important role in the sustainable city
development. A sophisticated geological model that is able to show the spatial distribution and geo-
logical variation of the subsurface can support the pilot study of an engineering construction project,
such as route determination of a tunnel and municipal sewage pipeline, as well as site determination of
long-duration infrastructures. Thus, the risk arises from geological reasons during the construction work
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could be effectively avoided by using a sophisticated geological model. In recent years, human-made
geo-hazards, such as surface subsidence, inappropriate settlement of foundations, and instability of engi-
neering slopes in the urban area due to lack of geological information of subsurface, have occurred and
threatened the lives and property of people (Chen and Fan, 2004; Huang et al., 2007; Tang and Xu, 2009).
An adequate geotechnical map for the site-specific area can guide a pertinent geotechnical investigation on
geologically weak area and then reduce the likelihood of these hazards (Marache et al., 2009). Moreover,
the understanding of the geological characteristics of subsurface is the key element for a reliable geotech-
nical map. The investigations in the shallow subsurface differ from those conducted for petroleum or
mineral resources since the shallow subsurface can be transformed more often by the climate change and
human activities. Shallow geotechnical investigations generally require much higher feature resolution and
more precise property matching (Rosenbaum, 2003). The main shortcoming of the traditional geological
map, whether in its paper or digital form, is that it requires the user to have knowledge of geoscientific
principles (Culshaw, 2005). For geotechnical engineering utilizations, traditional 2-D geological maps are
restricted in delineating the subsurface to the depth scale and in evaluating the variation of geotechnical
properties in the underground. To the end, 3-D geological model with thickness to the depth of interest
and the ability to contain various geometrical, geological, geotechnical and hydrogeological properties is
demonstrated as a robust tool to represent and analyze the underground conditions (Ford et al., 2008;
Royse et al., 2009; Thierry et al., 2009). Many countries have recognized the importance of 3-D geological
models for the sustainable city development. Thus, a series of 3-D modeling projects have been carried
out. For instance, the British Geological Survey has built 3-D geological models at scale of 1:1000000,
1:250000, 1:50000 and 1:10000 for national, regional, detailed and site-specific applications (Lelliott et al.,
2006, 2009; Robins et al., 2008; Royse et al., 2009). The General Inspectorate of Quarries of France, in
charge of ground-related issues in Paris, has developed a multi-layer 3-D geological model of the city of
Paris over a 105 km2 area to facilitate the mapping of the ground movement susceptibility from gypsum
dissolution (Thierry et al., 2009). The Geological Survey of China has launched a national wide project
of 3-D geological modeling for the geotechnical engineering-used subsoil. The capital city of Beijing was
chosen as the trial site for this project (Cai et al., 2009).
So far, most of the efforts done by Geological Surveys worldwide are focusing on improving the ac-
curacy and reliability of geological models. Rare attentions have been paid to produce 3-D geotechnical
models based on the framework of a high resolution 3-D geological model. In general, modelers just
assign a geological unit with one unique value of the geotechnical parameter, which cannot represent the
variability of the parameter in the entire 3-D space. However, following the development of technologies
of 3-D geotechnical analysis based on the simulation of finite element or finite difference, quantifying the
geotechnical parameters element by element is becoming necessary. For example, the flow of water in the
soil sometimes has reverse effects on the quality of man-made structure which is made of or buried in
the soil through additional load on the foundation. An effective tool to avoid such effects is to establish
computer models to simulate the water flow in the soil and then to look for a solution. However, the use
of these models has been restricted especially because of the lack of accurate soil hydraulic properties, in
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particular water retention and hydraulic conductivity (Van Genuchten, 1980). The pedotransfer function
(PTF) is demonstrated as practical to indirectly translate basic soil properties to hydraulic properties
in regional issues (Woesten et al., 2001). However, Heuvelink and Pebesma (1999); Sinowsi et al. (1997)
have stated that in variable landscapes, spatial interpolation of PTF inputs and subsequent application
of PTF provided better results than point-predicting water retention with PTFs and subsequent interpo-
lation of parameters in water retention equations. A 3-D geotechnical model attributed with interpolated
basic soil properties will reduce the uncertainty from interpolation sequence.
The development of mathematical philosophy in 3-D modeling has led the quality of resultant models
in representing the subsurface structure to be more reliable. In general, the difficulty of 3-D subsurface
modeling in shallow depth lies in the construction of geological boundaries with high precision due to
the anthropogenic changes during the construction period and the weathering or erosion process by the
climate change. To overcome the difficulty of subsoil modeling and to accommodate the demand of city
development, engineering geologists have exerted numerous efforts to integrate mathematical theories,
geostatistical analysis, advanced modeling software, archival database, and field observations together
to carry out a reliable 3-D visualization of the shallow subsurface. During the last 30 years, a series of
principles and methods devoted to optimizing the modeling of complex geometric structures have been
developed and put into practice. For example, the Discrete Smooth Interpolation (DSI) (Mallet, 1989)
and Kriging interpolation (Krige, 1951; Matheron, 1963) are two significant methods whose principles are
basically described as defining a grid and estimating an unknown value on the node of the grid by using
neighboring known values. DSI has the ability of setting up various constraints to minimize the weighted
sum of the roughness of geological surfaces. The process of Kriging interpolation is complicated but more
reliable due to the prerequisite of comprehensive understanding on spatial structure of variables based on
variogram analysis. The two methods have increased the quality of predicting geological surfaces and the
confidence of 3-D modeling of shallow subsurface. Despite of the 2-D analysis, 3-D variogram analysis
and interpolation technologies can analyze the spatial variability of certain properties in 3-D space and
finally predict the values over the entire model.
Since 2009, the Department of Engineering Geology and Hydrogeology at the RWTH Aachen Uni-
versity (Germany) has cooperated with the Department of Environment at the Municipality of Aachen
to develop a comprehensive 3-D geological modeling procedure by using the most common archived field
data of the urban area and to further combine the geological model with 3-D geotechnical models by
using several computational methods. The potentialities of the whole procedure were tested by the 3-D
geological and geotechnical modeling of the shallow subsurface structure of the inner Aachen City. The
shallow geology of the Aachen City is composed of a large number of soil and rock types, which were
deformed by the tectonic faults and folds in the Variscan Orogeny. Dieler (1963) stated that the condition
of the subsoil is difficult to be prospected because Aachen is the transition zone from the Rhenish Massif
to the plain. Many subsoil types are qualified as moderate or even bad for its use as foundation soils for
constructions. From the hydrogeological point of view, the rich and concrete-threatened groundwater in
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the Aachen City area has a direct impact on the planning of foundation. The Department of Engineering
Geology and Hydrogeology at RWTH Aachen University (Germany) and the Department of Environment
at the Municipality of Aachen have digitized and archived a large quantity of borehole records, many 2-D
interpretive geological maps and cross-sections, as well as reports of the shallow geology of Aachen City
since the 1950s. However, all the above understanding of subsurface is restricted in 2-D level. Thus, they
merely provide the conceptual information of the superficial geology in Aachen.
Although advanced 3-D modeling techniques allow a far greater level of realism of geological models,
all users of these models must understand that the reliability of model is based on the quality of data that
they are derived from. Users will need to be able to assess the risks associated with using these models
in order to derive sound judgments. Thus, it is essential to evaluating the uncertainty of any estimation
to provide the validity of the geological and attribution models.
1.2 Objectives
A 3-D geological framework with high precision and reliability is not the final aim of engineering geol-
ogists, but is a robust basis for further geotechnical modeling. The main objectives of this research are
described as follows:
(1) to propose a systematic 3-D geological modeling procedure based on sophisticated classic geosta-
tistical analysis through borehole records, 2-D geological maps, geological cross-sections and geological
concepts. The model constructed through this procedure is hexahedral-cell-based and real volumetric.
Each hexahedral voxel can contain discrete geotechnical properties of materials (e.g. rock strength,
shrink-swell characteristics, compressibility and soil particle-size distribution), hydrogeological properties
(e.g. permeability, porosity, and effective water saturation) and uncertainty of estimations of these prop-
erties;
(2) to establish a methodology to analyze the variability of geotechnical parameters in 3-D environ-
ment, to apply this method to predict spatial structure and distribution of the analyzed property in
geological models, and to finally construct a 3-D geotechnical model;
(3) to analyze the possible sources of uncertainty during 3-D geological and geotechnical modeling
processes, as well as to establish several methods to evaluate and quantify these uncertainties;
(4) to establish a continuous pedotransfer function transferring soil fractions to volumetric water con-
tent and hydraulic conductivity by using measured database in Germany and back-propagation neural
networks, and to summarize classic pedotransfer functions for describing the volumetric water content
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and hydraulic conductivity of sand, silt and clay in Germany; and
(5) to test the proposed 3-D geological modeling methodology and following geotechnical modeling
methodology by using the shallow geological environment in the central Aachen city, which has a 4 km by
4 km dimension reaching from Koenigshuegel in the west, to Burtscheid in the south, to the Europaplatz
in the east and to the Lousberg in the north (Figure 1.1).
Figure 1.1: Location of Aachen in Europe (pentagram in upper right figure) and the digital elevation model
of Aachen from SRTM remote sensing sensors (Jarvis et al., 2008). The easting and northing coordinates of
the modeling area are given by the Bessel 1841 Transverse Mercator coordinate system.
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1.3 Structure of the Thesis
The summary of the state-of-the-art 3-D geological modeling methods and key interpolation principles
are presented in Chapter 2 (Literature Review). The development relevant to 3-D geology activities in
the leading Geological Surveys in the world is then overviewed.
Chapter 3 (Data Management and Methodology of 3-D Geological Modeling) outlines the preliminary
work that was performed for the 3-D geological modeling of the Aachen City, including geological data
collection and data quality control. The information, structure, shortcomings of the collected borehole
database, the scale of 2-D geological maps and the adopted Digital Elevation Models are introduced. All
of the adopted basic theories, methods and procedures for the 3-D geological modeling are introduced in
this chapter.
Chapter 4 (3-D Geological Modeling of Aachen City) covers the description of geological settings of
Aachen, modeling procedure, resultant models and uncertainty analysis. The conceptual understanding
of the geology of the study area based on previous studies is summarized. Geological boundaries were con-
structed through borehole data following a detailed geostatistic approach to predict the relief of geological
boundaries and quantify the uncertainty in prediction. The consistent 3-D volumetric model was finally
constructed. Considering the usage of 3-D volumetric model in geotechnical modeling, it was then sepa-
rated to a combination of hexahedral elements. Each element is able to contain and visualize geotechnical,
hydrogeological and uncertainty properties. The distribution, geometry and engineering property of each
geological unit are elaborated at the end of this chapter. 2-D cross-section maps were derived from the
3-D geological model to show the geology at desired positions. The geotechnical parameters referring to
the construction work were assigned to the geological model and visualized as 2-D cross-section maps too.
In Chapter 5 (3-D Soil Fraction Model of Quaternary Deposits), the hexahedral-cell-based 3-D geolog-
ical model is applied as a geological framework for the attribution modeling. The lithological descriptions
of the core samples in the collected borehole database were digitized in terms of the German Standard
DIN 4022 for naming and description of soils and rocks. The discrete values of fractions of gravel, sand,
silt and clay were assigned within the corresponding cells in 3-D geological model. The 3-D geotechnical
modeling methodology mainly including 3-D Variogram analysis and Kriging estimation was introduced
and then implemented in the 3-D Quaternary model for each soil type. A 3-D geotechnical model of the
soil fractions was constructed.
In Chapter 6 (Mapping of Regional Soil Hydraulic Characteristics through Establishment of Pedo-
transfer Functions), a measured database including soil basic properties and hydraulic characteristics
was employed to establish the pedotransfer functions transferring soil particle-size distributions to water
retention and hydraulic conductivity for Germany by means of back-propagation neural networks. The
continuous pedotransfer functions for specific soil samples and class pedotransfer functions for grouped
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soil textures have been obtained. At the end of this chapter, the 3-D soil hydraulic characteristics model
of the inner Aachen City has been generated.
Finally, the main achievements of this research are summarized in Chapter 7 (Summary and Conclu-
sions) followed by a discussion of further development of methods combining 3-D geological models and
geotechnical modeling.
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2Literature Review
Over the past three decades, a series of mature 3-D geological modeling technologies and software packages
have been developed to characterize and model the geometrical structure of the subsurface environment,
e.g. position and disturbance of faults, distribution and topography of geological boundaries, thickness
of geological blocks, contacts between sedimentary layers etc. Initially, the 3-D modeling was carried
out mostly in the petroleum industry to simulate and predict the distribution of oil and ore reservoir.
The limited usage was caused mainly by three reasons: the high cost of adequate observations for sup-
porting the reliable modeling, the prevalence of desk computers, as well as the lagging development of
data digitization techniques and tools. Along with the rapid development of the personal computer, the
information technology, especially the Geographical Information System (GIS), the acquisition and digi-
tization of increasing amounts of geological data in Geological Surveys have facilitated the construction of
meaningful 3-D spatial models in many geosciences relevant fields (Culshaw, 2005; Mathers et al., 2011a;
Ross et al., 2005; Turner, 2006). Meanwhile, many city-scale models covering either shallow subsurface
or deep bedrock have been accomplished and applied into practice. The applications of these models are
broadened as following (Mathers et al., 2011a):
– Groundwater issues, e.g. assessment of the vulnerability of aquifer, simulation of groundwater flow,
and evaluation of the contamination potential of shallow groundwater from construction refuse site;
– Land-use planning, e.g. characterizing the surface and shallow subsurface to aid in land-use plan-
ning, protecting vulnerable shallow aquifers, and evaluating sites for city zoning and establishment of
building codes;
– Civil engineering and infrastructure, e.g. conducting site investigations for specific construction
projects such as highways, tunnels, railways, building foundations and large transportation infrastructure
projects, and for evaluating urbanized geo-hazards, such as ground subsidence, human-made landslide.
A series of associations (e.g. the International Association of Engineering Geology and the Environ-
ment (IAEG), the International Society of Soil Mechanics and Geotechnical Engineering (ISSMGE), the
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International Society for Rock Mechanics (ISRM), and the German Geotechnical Society (DGGT)) in
the world were set up to discuss the standards, new technologies, and applied fields of 3-D productions
in the development of engineering geology. The 3-D geological mapping of progressive resolutions for
national and city scale is still going on in many Geological Surveys (Mathers et al., 2011a,b; Stafleu
et al., 2011a,b). In the following sections, the achievements with regard to the modeling technologies and
applications of 3-D models in the world will be summarized. First of all, the essential objects constituting
a 3-D geological model will be introduced to assist in understanding the modeling methods.
2.1 A Quick Overview of the 3-D Geological Model
A typical 3-D geological model consists of four main objects (Raper, 1992), which are:
– points derived from geophysical, geological observations and isolated sample data, representing the
positions or physical properties of geological units;
– curves derived from 2-D geological maps representing boundary constraints of geological boundaries or
fault traces;
– surfaces derived from triangulated or gridded meshes and bounded by faults, unconformities or by its
lateral extent;
– volumetric geo-bodies bounded by 3-D surfaces based on the logical relationships of geological surfaces.
Points
The most important source of scattered points is from drilling observations. Drilling observation can
gain direct cognition of the subsurface, such as the spatial position of geological horizons, tectonic infor-
mation and physical properties. Borehole records are the main achievements of drilling work and are also
the basic data for both 2-D and 3-D geological mapping. Borehole records normally contain a series of
important information, including:
1) location of borehole provided by x, y, z coordinates; down-hole depth of each sampling core;
2) descriptive stratigraphic and lithostratigraphic observations;
3) basic quantitative physical data via laboratory and field measurements on the core samples;
4) depth of groundwater; and
5) for some projects with specific purpose, geophysical logs, soil hydraulic characteristics, geotechnical
properties, standard penetration test data etc.
Borehole records are normally considered as the hard data since their sources are direct observation
on the object. It is envisaged that quality of borehole records has a critical impact on the 2-D geological
mapping and 3-D geological modeling. Thus, prior to incorporating borehole data into any modeling,
data cleaning and quality control works are anticipated to consume time.
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One of the modern sources of scattered points is from LiDAR (Light Detect and Ranging) scanning,
which can provide enormous point cloud data for precise surface construction and interfaces identifica-
tion. LiDAR technique can be implemented in the dangerous area like rockslide, landslide since it does
not require machine operators to stand on the scanned objects (Hu et al., 2011, 2012). However, LiDAR
machines are so expensive that it is usually applied to specific-site requiring the high resolution DEM
(Digital Elevation Model). Another restriction of using LiDAR techniques is the obtaining of redundant
noisy data (data in front and behind the object of interest), of which the most serious source is vegetation.
Curves
The scattered points can be connected following certain rules to generate another important object,
curves. Geomodellers often use such curves as follows:
1) isoline of geological or geophysical properties, such as elevation, permeability, thickness etc.;
2) geological border digitized from 2-D geological maps for edge constraints of geological horizons, which
are characterized as closed, unself-intersected and connective;
3) intersections between two geological boundaries; and
4) fault sticks representing the fault directions in areal extent and dip direction.
For convenience, data storage for borehole records and curves are often done in the Geographic Infor-
mation System (GIS). GIS is a system designed to capture, store, manipulate, compute, analyze, present
and describe all types of digital geographically referenced data and the attributions to describing these
data (Li, 1995). GIS applications are tools that allow users to create interactive queries, analyze spatial
information, edit data in maps, and present the results of all these operations (Clarke, 1986).
Surfaces
Geological surfaces are usually surfaces with irregular curvature, which are not able to be delineated
by mathematical formulas. In practice, Triangular Irregular Networks (TIN) method has been widely
used to construct a geological surface via Delaunay triangulation. The TIN surface consists of a series
of contiguous and non-overlapping triangles (Peucker et al., 1978). Delaunay triangulation is a method
that satisfies the requirement that a circle drawn through the three nodes of a triangle will not contain
any other node (Delaunay, 1934). However, the scattered points are usually poorly distributed, which
causes a phenomenon that some triangles are so large that they ignore the real relief within them. Thus,
geostatistic analysis is often used to interpolate the elevation points on a grid network. Independent geo-
logical surfaces are constructed by connecting interpolated points within the border constraint. In order
to prevent independent geological surfaces from intersecting in geologically impossible situation, rigorous
editing of geological surfaces is usually required. One effective approach is to previously construct the
2-D wire frame of all geological borders and then build the geological surface within each border (Xu
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et al., 2011). A structural surface model consisting of all horizontal boundaries and fault planes in rea-
sonable positions can represent and deal with complex geological structure. However, structural model
cannot visualize and incorporate intrinsic properties of geological units, or calculate the volume of desired
geological materials. In these situations, volumetric geo-bodies are constructed based on the structural
surface model.
Volumetric Geo-bodies
By means of the volumetric geo-bodies, the intrinsic information of desired objects can be visual-
ized and analyzed. The composition of the geo-body includes irregular tetrahedron structure, hexagonal
structure and others. Each voxel in the geo-body can allocate discrete geological, geophysical, geotechni-
cal, hydrogeological, geochemical or uncertainty properties. With a proper data conversion, topological
relationship within volumetric geo-bodies can be transferred to numerical usages to be a complementary
of the limitation of modeling power of most numerical platforms.
A consistent 3-D geological model should not only reveal geological surfaces honoring the observations,
but also reasonable relationships between geological interfaces. Thus, some basic structural modeling rules
should not be infringed. Caumon et al. (2009) has discussed and summarized some general topological
rules, which are appropriate for the implementation of a structural 3-D geological model. The rules were
subdivided to two parts, of which one is for controlling the surfaces themselves, the other one is for
dealing with the relation between interfaces.
(1) The surface orientation rule should always be complied with, which means a geological surface
is always orientable, i.e. has two well-defined sides. The rule makes a corollary that a surface will not
self-intersect.
(2) How faults and horizons interact with each other has been endeavored by most of the 3-D geo-
logical modeling process. The main topological requirement is that any two surfaces should not cross
each other, except if one has been cut by the other (Mallet, 2002). For any two rock boundaries, one
may lie on one side only of the other, which plays important role in erosion or downlap/instrusion con-
struction (Calcagno et al., 2008; Mallet, 2002). Stratigraphic surfaces only can terminate onto faults,
unconformities or model boundaries. Only fault surfaces may have logical borders not connected onto
other structural model interfaces (Caumon et al., 2004).
(3) The geometry of the structural model should be inspected and follow some rules. For example,
a horizon may be realistic only if it can be unfolded without deformation (Thibert et al., 2005). The
geometry of the fault plane should allow for displacement using a thread criterion (Thibault et al., 1996).
In general, the interfaces and interactive relation between each other should be compatible with all types
12
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of observations.
2.2 The State-of-the-Art Methods and Key Technologies
Geological modeling in 3-D for the use of engineering geology and geotechnical engineering is focusing
on the representation of shallow subsurface where most of the infrastructures are founded in. Although
computer technology has been rapidly developed, geotechnical industry has turned its attention to 3-D
modeling only from the late 1990s (Kessler et al., 2008). Rosenbaum (2003) has proposed four chief
impediments to greater use of shallow subsurface geological modeling for urban infrastructure and envi-
ronmental assessment based on the discussions during the 2001 Euro Conference held in Spa, Belgium,
which are:
1) the lack of advanced mathematical, cognitive and statistical spatial analysis tools for 3-D and 4-D
realizations;
2) the inadequate power of current systems to accurately depict the spatial variability of geological fea-
tures and to evaluate the uncertainties arising from interpretation of spatial structure or properties;
3) the lack of access to expensive or commercially sensitive specialized tools for exploring and modeling
geological systems; and
4) the lack of efforts to overcome the worry of scientists. Sometimes scientists doubt that if the invest-
ments in time, effort and research funds can obtain better achievements or knowledge.
Since Rosenbaum put forward his concerns about the development and further direction of 3-D geo-
logical modeling, a lot of institutes and scientists have endeavored to enhance the modeling methodologies
and applications. Fernandez et al. (2004) has reviewed the methods developed for the generation of 3-D
models from field and subsurface data before the year of 2003 (de Kemp, 2000; Rowan, 1997). He pointed
out that these methods frequently reduce the 3-D data to two dimensions and do not consider the direct
spatial structure of the geology, so they are essentially 2.5-D approaches. These 2.5-D approaches inher-
ently produce extra errors during the use of cross-sections and other intermediate steps. In his paper,
Fernandez has proposed a pure 3-D surface construction approach named 3-D dip-domain method by
integrating geologic mapping with field data and finally successfully applied the method to construct the
early to middle Eocene turbidite succession of the Ainsa basin. This 3-D reconstruction methodology sub-
stantially improves the quality of 3-D model derived from 2-D and 2.5-D approaches. However, it requires
a comprehensive understanding of the geometry of the dip domains, so that it can be particularly used
in areas where orientation data are available. Moreover, the best possible way to apply the dip-domain
method is the geometrical simplification of surfaces to planar. Thus, the usage is of particular interest
for hydrocarbon exploration in fold and thrust belts, where orientation data are commonly available. In
order to facilitate the use of this method, Fernandez et al. (2009) presented three tools to automatically
perform three main procedures of the method, which are (1) to automatically extract structural orienta-
tion information from a geological contact and construct 3-D surfaces along contacts, (2) to automatically
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construct the dip-domain that allows construction of neighboring dip-domain surfaces and the definition
of dip-domain axial surfaces, and (3) to automatically construct multiple horizons once a key horizon has
been built.
Dhont et al. (2005) presented a 3-D construction method only based on inexpensive surface data or
freely download satellite imagery and DEM data. The methodology has been illustrated by the Beirut wa-
tershed (Lebanon), an area with relatively simple geology. Another surface data based 3-D geo-mapping
procedure was presented by Tonini et al. (2008). This method uses the surface geo-structure data (at-
titude of bedding, observed geological boundaries, limits of outcropping areas, outcropping areas, and
azimuth and dip attitude orientations) stored in a database managed by a GIS system to create geological
surfaces using the Non-Uniformal Rational B-Splines (NURBS) geometry. The above three surface data
based methods are advantageous of inexpensive collected data, quickly and accurately quantifying the
geometrical contact between geological horizons and the fault. However, without borehole records, the
heterogeneity of geological horizon cannot be precisely modeled. Thus, these methods can be applied to
some cost benefit analysis, rock mass geomechanics and environmental impact studies.
The Federal Institute for Geosciences and Natural Resources (BGR) of Germany prefers producing
TIN surface by using input points or lines placed by the geo-expert under consideration of the penetration
of thin layered surfaces or sub-crops not being in direct contact with the surrounding surfaces (Willscher
et al., 2009). In their scenario, for more complex geological or hydrogeological situations, TIN surfaces are
built up using topologically correct polyline networks. The main element of the two modeling processes is
the vertical cross-sections construction and horizontal contour-line maps construction. The efficiency and
confidence of the BGR methodology has been proven by several examples, such as the hydrogeological
3-D structure model of the Gorleben salt dome overburden in northern Germany and an urban model
near Dhaka City, Bangladesh. The BGR methodology requires sophisticated expertise knowledge on the
geology of the study area.
The concept of stochastic modeling has been applied in 3-D reservoir description since the 1990s
(Bratvold et al., 1994; Johann et al., 1996). One of the developed methods based on stochastic concept
for other application domains was proposed by Phelps and Boucher (2009) from the U. S. Geological
Survey to mapping the complex geological units in 3-D, which is named as multi-point geostatistics. The
significance of this method is that the resulting maps do not provide a unique structure of subsurface;
rather, they provide the likelihood of the subsurface. Analog methods have also been discussed by more
scientists, who prefer to construct the subsurface with multiple interpretations rather than a deterministic
interpretation (Caers, 2001; Marinoni, 2003; Wellmann et al., 2010). The 3-D shallow subsurface model-
ing of Zeeland, Netherlands is a successful utilization of the probability modeling method (Stafleu et al.,
2010). The shallow subsurface modeling in the urban area requires higher resolution than the regional
aims since it includes the engineering involving soil and rock materials and directly influences the human
life. Thus, Stafleu et al. (2010) indicated that a cell-based volumetric model where individual cell has
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discrete properties is better to describe the heterogeneity of lithostratigraphical units than a layer-based
model consisting of stratigraphical layers with uniform properties.
The Potential-Field Cokriging Method was developed with the aim at fulfilling the needs of modeling
variety of situations and quantifying the uncertainty from 3-D geomodeling generated in some appli-
cation domains by using geological map, Digital Terrain Model (DTM), structural data, borehole data
and interpretations of the geologists (Chiles et al., 2004). The potential field is defined as a particular
iso-surface of a scalar field defined in the 3-D space, and then Universal Cokriging is used to perform
the 3-D interpolation in the field. The Potential-Field Method has been widely applied in the French
Geological Survey and the U. S. Geological Survey.
The above mentioned methodologies are suitable for the situation of insufficient quantity of borehole
records and structural data. The methodology based on large numbers of borehole data was discussed by
several scientists and tenderly to be comprehensive and systematic. The procedure can be summarized
as four steps (Caumon et al., 2009; Kaufmann and Martin, 2008):
1) data collecting and pre-processing (including compilation of existing data, collection of new data, ver-
ification of the data location; georeferencing, and format standardization);
2) fault system construction;
3) geological horizon construction through 2-D interpolation of borehole data point within geological
boundary and
4) volumetric geo-body construction based on structure surface model.
With sufficient borehole records, the relief of the geological surface can be most precisely depicted.
However, in most cases, the borehole records are widely distributed within the study area. In this cir-
cumstance, a common adopted method is to interpolate the elevation points to support a reliable 3-D
geological surface construction. Many interpolation techniques are available, but as most of these tech-
niques are purely deterministic, such as polynomial trend surface, Fourier series, and inverse distance
weighted method; they are not able to assess the prediction errors (Negreiros et al., 2008). Geostatistical
Kriging estimation has been extensively used to interpolate the sampled elevation points on the nodes
of a gridded network based on the analysis of spatial variability via variagram or semivariagram (semi-
variagram value is half of variagram value) (Bourgine et al., 2006). Kriging interpolation is an optimal
and unbias interpolation based on regression against observed values of surrounding data points, which
are weighted according to spatial covariance values. Kriging technique was initially introduced by Krige
(1951) and then formalized by Matheron (1963). Some advantages of Kriging are summarized as follows
(Bohling, 2005b):
1) It has a compensation for the effects of data clustering, through assigning a less weight to the points
within a cluster less than an isolated data points;
2) It gives every estimate an estimation error (kriging variance or kriging standard deviation), which
depends only on the distance between estimates and samples. Kriging variance is provided as a direct
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way to evaluate the uncertainty of the estimate;
3) The weights of surrounding observations for estimation are obtained according to a data-driven weight-
ing function. In detail, the searching extent of neighboring observations is defined by an ellipse for 2-D
interpolation and an ellipsoid for 3-D interpolation. The direction and length of the macro-axis and
micro-axis are obtained though variogram analysis. The weights of the observations in the ellipse or
ellipsoid are obtained from the solution of an equation set. Such procedures of calculating weights take
spatial variability of the estimated variable into account. Thus, the values are more plausible than other
interpolators.
Variogram interpretation and modeling are important prerequisites to Kriging interpolation, since it
can quantify the spatial variability of a spatial phenomenon. However, the preliminary steps of variogram
calculation, interpretation and modeling are often performed hastily or even skipped in total (Gringarten
and Deutsch, 2001). Variogram analysis is decomposed into two steps: 1) calculating experimental var-
iogram from the observed data, and 2) regressing a theoretical model to fit the experimental variogram
for functionally describing the spatial phenomena. The theoretical model is an important function to
calculating the weights for Kriging interpolation.
Kriging techniques have the disadvantage that they can only provide one outcome for a given sam-
ple set. This outcome is the optimal solution for the kriging system since it minimizes the estimation
variance. The consequence of this minimization is that estimations always are smoother than in reality
(Pomian-Srzednicki, 2001). Thus, when the elevations derived from Kriging interpolation are used for
surface construction, some important and meaningful outliers are likely to be ”smoothe”. In order to
pursue a more reliable surface, the observed values should be encompassed back to the surface. The
Discrete Smooth Interpolator (DSI) can construct a complex surface through minimizing the roughness
of a triangulated surface honoring imposed constraints (Mallet, 1997, 1989). The observed values could
be set up as the point constraints. Through several times DSI process, the surface will be fixed on the
samples.
Many 3-D modeling and visualization software programs have been designed along with the growth of
the modeling and graphical technologies. The common used programs are Gocad, EarthVision, ArcGIS,
GSI3D, 3D GeoModeller, Multilayer-GDM, Isatis, Petrel and Surfer etc (Table 2.1).
Although various methods for 3-D geological modeling have been designed, it is vital to keep in mind
that the usage of certain method depends on the purpose of modeling, as well as the type of data being
processed and the desired achievements. None of these methodologies is ideal for a specified project.
The mixture of them is more applicable. Kessler et al. (2008) has compared two approaches to 3-D
geological modeling for the Thames Gateway Development Zone (TGDZ) in London, UK and subsurface
characterization studies in Boston, USA. The TGDZ project uses cross-sections by correlating borehole
data and outcrops to build up a 3-D model, which can only be attributed with a constant property in
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Table 2.1: Widespread 3-D modeling and visualization software programs
Software Developer URL Significance
Gocad Paradigm http://www.pdgm.com/
home.aspx
High-end and leading 3-D geomodeling
software; incorporation of many data for-
mats, integration of many workflows for
reservoir engineering and advanced geolog-
ical interpretation
EarthVision Dynamic
Graphics,
Inc.
http://www.dgi.com/earth
vision/evmain.html
High-end 3-D geomodeling software; par-
ticularly suitable for reservoir simulation
ArcGIS
3D Ana-
lyst
ESRI http://www.esri.com/software
/arcgis/extensions/3danalyst
/index.html
With the aid of the powerful capability of
data visualization, manipulation, sharing
and editing of ArcGIS; customization of
user-defined tools
GSI3D INSIGHT
GmbH
and BGS
http://www.bgs.ac.uk/
gsi3d/
Quickly; rather for geoscientist than expert
software user; 3-D solid model is produced
by linking DEM with traditional 2-D cross-
sections
3D Geo-
Modeller
Intrepid
Geo-
physics
and
BRGM
http://www.geomodeller
.com/geo/index.php
Implicit modeling; geological thinking; ac-
curate prediction of complex geological
structure
Multilayer-
GDM
BGRM http://gdm.brgm.fr Especially suitable for data control and
layered model construction
Isatis Geo-
variances
http://www.geovariances.
com/en/isatis-ru324
Comprehensive geostatistical tools for in-
depth data analysis; powerful 3-D Viewer;
interfaces with standard 3-D geomodeling
software
Petrel Schlum-
berger
http://www.slb.com/services
/software/geo/petrel.aspx
Especially suitable for the petroleum in-
dustry and deep geology; not work easily
for shallow subsurface modeling
Surfer Golden
Software
http://www.goldensoftware.
com/products/surfer/
surfer.shtml
Powerful Contouring, Gridding, and 3D
Surface Mapping Software
a whole unit. This method is practical in TGDZ project because it needs regional scale information for
ground investigation design. In the Boston case, the model is required to enable detailed understanding
of the natural variability of the complex geology. Thus, the geostatistical evaluation of the field data has
been implemented.
Regardless of any modeling methodologies and advanced technologies, uncertainty in the model is
inherent since in the geological context, the “real” situation is often unknown to geomodeller (Lelliott
et al., 2009). Some authors even believe that the evaluation of uncertainty plays an equal important
role as estimation of subsurface structure in 3-D modeling projects (Lelliott et al., 2009; Turner, 2006;
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Wellmann et al., 2010). Evans (2003) identified two sources of uncertainty: 1) one is associated with
the data (natural variability) and measurements themselves (sampling and measurement error; and 2)
the other one is associated with the modeling process (e.g. assumptions, simplifications, skill on software
etc.). Culshaw (2005) has summarized three broad methods for estimating uncertainties: 1) analytical
approach, which uses rigorous statistical theories to calculate combined uncertainties through mathe-
matical functions; 2) computationally intensive approach, which calculates a model repeatedly through
re-sampling method and evaluates the distribution of the results as uncertainties; and 3) measurement
of uncertainty on subjective and semi-quantitative data. Based on the three broad approaches, some
detailed evaluations have been developed to quantify the uncertainties (Barabas et al., 2001; Pomian-
Srzednicki, 2001; Royse et al., 2009; Wellmann et al., 2010).
2.3 Development of 3-D Geological Modeling in the World
The Geological Surveys in the world have paid attentions to the transition from traditional 2-D geological
mapping to 3-D geological modeling for the purposes of improved understanding of the subsurface, and
addressing critical land- and groundwater-use issues due to the significant technological advancements
in GIS, digital cartography, data storage and analysis, visualization techniques (Mathers et al., 2011a;
Thorleifson et al., 2010; Whitmeyer et al., 2010). The two basic types of the 3-D geological model involve
the delineation of the distribution of specific model units and the distribution of material properties
within these units. Many 3-D models with diverse resolutions and uncertainties have been generated.
During these progressions, a large number of software and methodologies involving data storage, data
management, 3-D modeling process, visualization, and uncertainty analysis have been correspondingly
published. The most important contributions by the Geological Surveys worldwide have been described
as following:
Geological Survey of Canada (GSC)
3-D geological modeling has been embraced at the GSC since 20 years ago. The cornerstone of 3-D
modeling at the GSC is the basin analysis concepts, which emphasizes on data collection and understand-
ing of the geological history of the basin. Various groups at the GSC have pursued 3-D modeling and
visualization for mineral resource development (de Kemp, 2007; Hughes, 1993; Mossop and Shetsen, 1994)
and for groundwater issues (Logan et al., 2006, 2002; Ross et al., 2005; Sharpe et al., 2007; Smirnoff et al.,
2008). The groundwater issue (use, contamination, and remediation) in Canada is such significant that
enormous challenges are presented for the development of a comprehensive understanding of groundwater
resources (Russell et al., 2011). In the early 1990s, the GSC reinitiated work on regional hydrogeology
in a series of projects (Parent et al., 1998; Ricketts, 2000; Sharpe et al., 1996; Thorleifson et al., 2005).
Subsequently within a decade, these early studies evolved into a national Groundwater Program, which
is based on the mapping of 30 key aquifers encompassing bedrock and glacial sediment aquifers across
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the country. The majority of the modeling results at the GSC were 2-D format of structural, isopach,
and probability maps (Desbarats et al., 2001, 2002; Sharpe et al., 2007) and a limited number of volu-
metric models (Bolduc et al., 2005; Ross et al., 2005). In summary, the aim of the GSC is to pursue
regional studies, develop an improved geological knowledge base, improve modeling, and apply emerging
methods to Canadian geological settings. The contribution by Manitoba Geological Survey (MGS) to
3-D modeling of Manitoba’s geology and geological processes should be pointed out significantly in the
region of Canada. The main outputs of the MGS are the 2003 Lake Winnipeg Basin model, the 2008
Western Canada Sedimentary Basin (WCSB) model (Keller et al., 2009) and the recently completed 2009
Targeted Geoscience Initiative (TGI) Williston Basin model. The 3-D models of the MGS have been
devoted to assisting in the appraisal stages of new pipeline construction, in groundwater modeling and in
groundwater exploration drillings. Different methodologies and software have been employed at the MGS
depending on the type of data available and the modeling scope. The MGS uses a single 3-D software
(Gocad) for all models which keeps costs and workflow manageable (Keller et al., 2011).
U. S. Geological Survey (USGS)
USGS scientists use 3-D/4-D (with extra temporal scale) tools not only to visualize and interpret ge-
ology, but also to verify and control quality of large dataset. The responsibility of the USGS covers seven
major science directions: ecosystems, wildlife and human health, climate change, energy and minerals,
natural hazards, water availability and data integration (Jacobsen et al., 2011) and they give support to
various clients and agencies. The majority of geological mapping projects in the USGS develop regional
geological frameworks to serve as basis for earthquake and tectonic displacements evaluation, resource
assessment, inverse modeling of geophysical properties, and detection of surface structure and landscape
changes by geohazards (Jacobsen et al., 2011). The USGS uses diverse 3-D modeling packages and data
type. A mature workflow has been established to integrate data together. The recent published 3-D
models provided by the USGS are: for example, the 3-D model of the Hayward fault zone in the San
Francisco Bay region (Graymer et al., 2005; Phelps et al., 2008), the multimedia model for the 3-D litho-
logical units that confine the basin-fill aquifers within the Espanola Basin of north-central New Mexico
(Pantea et al., 2008). Particular contributions in 3-D geology in the USA are provided by the Illinois
State Geological Survey (ISGS). Most of the 3-D modeling activities in ISGS are being applied to address
problems related to natural resources, such as groundwater exploration and quality investigation, carbon
capture and storage, and geological characterization for infrastructure construction. Currently, the 3-D
geological mapping program in ISGS is focused on the description of the distribution and character of
Quaternary deposits throughout Illinois for better decision making on groundwater applications.
Geoscience Australia (GA) and GeoScience Victoria (GSV)
Geoscience Australia (GA) and Geoscience Victoria (GSV) have been the most active in the develop-
ment of 3-D geology in Australia. The more recent development of use of 3-D model in Australia is for
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the hydrogeological purposes (Cherry et al., 2011). The 3-D activities of GA focus on the onshore and
offshore territory of Australia covering a land area of 7.7 million km and a marine jurisdiction of 11.38
million km. In particular, in order to improve access to its 3-D models, GA has made efforts to converting
them into web-viewable formats for distribution and publication online. In 2007, a well-funded 3-D mod-
eling project was established in the GSV for developing a sophisticated, fully attributed 1:250000-scale
3-D model of the whole crust incorporating the onshore and offshore geology of the state of Victoria.
Another product of this project is the development of a model-building workflow that is applicable to
both onshore and offshore settings and includes integration modeling between basement and basin blocks.
The outputs of the 3-D Victoria model have been used to develop finite element models and extended to
the hydrological applications for Victoria groundwater resource management needs (Gill et al., 2011).
China Geological Survey
The China Geological Survey has finished the 1:200000, 1:500000, 1:2500000, 1:5000000 scale national
geological map of the vast territory of 9600000 km2 of China. In addition to the national maps, nu-
merous province scale and city scale maps have been also finished with diverse scales. These maps are
available in the National Geological Archives of China for querying and downloading. Based on the 2-D
geological maps and new collected borehole and cross-section data, the 3-D Multi-parameter Geological
Investigation Project for Beijing City was launched in 2004 carried out by the China Geological Survey
in conjunction with the Beijing Government. The project aims to support the substantial development
of the Beijing City in the future. The spatial structure of geotechnical engineering involved subsoil (0-50
m depth) and the Cenozoic bedrock have been modeled in 3-D (Cai et al., 2009; Dong, 2008; Zhao and
Li, 2010).
The 3-D geology has been advanced developing in the European countries, of which the Great Britain
is the most active one. The current 3-D geological model of Poland, developed by the Polish Geological
Institute and the University of Silesia (Piotrowska et al., 2005), is one of the first country-scale models
in Europe.
British Geological Survey (BGS)
The BGS has undertaken a program of geological mapping and modeling with high budget annu-
ally. The program dedicates to produce digital geological maps (DigMap) and attributed 3-D geological
models (LithoFrame) for engineering geology issues, groundwater issues etc. The LithoFrame program
consists of 3-D models of LithoFram 1M (1:1000000 scale; national), LithoFrame 250 (1:250000 scale;
regional), LithoFrame 50 (1:50000 scale; detailed) and LithoFrame 10 (1:10000 scale; site-specific). The
central concept of LithoFrame is that diverse resolutions are consistent with one another so that col-
lectively they form a seamless transition from the general national model to a detailed site-specific one.
The LithoFrame 1M model with a depth of about 30 km is produced for the Great Britain from the
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compilation of contoured stratigraphic surfaces, deep boreholes, seismic profiles and regional geophys-
ical interpretations (Whittaker, 1985). The LithoFrame 1M model shows the base of major geological
units as 2-D surfaces and the foci of significant earthquakes, major faults and igneous plutons. Based
on the national model, regional LithoFrame 250 models are being constructed for the whole of England
and Wales (Mathers et al., 2011a). With higher resolution, a systematic LithoFrame 50 model has been
built for 1200 km of southern East Anglia in the Ipswich-Sudbury area. The model contains about 25
superficial layers, including a complex, interleaved Anglian glacial succession and bedrock. This model
is acting as a crucial tool for the aquifer protection, recharge and groundwater management; it is also
used to generate borehole prognoses for site-specific inquiries. The proposed coverage (long term) of
high resolution LithoFrame 10 model is implemented in major urban and development areas from inves-
tigation of the shallow subsurface geology for the use of detailed analysis and problem solving, and for
delivering geoscience solutions at a detailed site-specific level. For the last 8 years, the BGS is acting as
a test stand for the expedite development of the GSI3D (Geological Surveying and Investigation in three
dimensions) methodology and associated software tool for 3-D geological modeling produced by Insight
(Kessler et al., 2007; Sobisch, 2000) and described by Culshaw (2005). In summary, the BGS has devoted
significantly to the 3-D geological modeling in the urban areas through considerable researches on city de-
velopment and groundwater protection (Lelliott et al., 2006, 2009; Robins et al., 2008; Royse et al., 2009).
French Geological Survey (BRGM)
The major applications of BRGM’s 3-D modeling activities involve geological surveying, aquifer pro-
tection and management, urban geology, seismic risk evaluation, civil engineering, carbon capture and
storage, geothermal potential, mineral resource extraction and post-mining evaluations. Work is done on
a wide variety of different projects (Thierry et al., 2009). The BRGM has developed two important 3-D
modeling software, which are 3D GeoModeller (BRGM-Intrepid Geophysics) for helping to define complex
3-D geology based on implicit modeling of surfaces, and MultiLayer/GDM (BRGM), which is suitable for
data controlling and for layered models where traditional geostatistics is particularly efficient (Castagnac
et al., 2011). The BRGM focuses on shallow subsurface modeling (e.g. the Tertiary strata of the Aquitain
Basin by using 2-D geostatistics, 3-D lithofacies model of Middle Eocene formation in Essonne Depart-
ment by using stochastic simulation) and sedimentary basin modeling for assessing geothermal resources
or oil and gas industry (e.g. 3-D model of the Trias and Dogger formations of the Paris Basin). The
BRGM intends to use different modeling software to address different geological conditions and appli-
cation requirements. For example, they have employed Petrel (Schlumberger), EarthVision (Dynamic
Graphics), Isatis (Geovariance), Surpac (Gemcom) and the two self-designed programs mentioned above.
Geological Survey of the Netherlands (TNO)
The geomodeling department of the TNO focuses on the sustainable use and management of the up-
per 500 m to 1000 m of the Dutch subsurface through characterizing and modeling of geological deposits
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(Stafleu et al., 2011a,b). Three kinds of models with different scales and purposes have been developed
and maintained in the TNO, i.e. DGM (digital geological model), REGIS II (Regional Geohydrological
Information System), and GeoTOP (3-D model of the upper 30 m). DGM is a 3-D lithostratigraphic
framework model of onshore Netherlands, which consists of a series of raster layers stored in the raster
format of ESRI ArcGIS. Subsequently, the lithostratigraphic layers of DGM were subdivided into aquifers
and aquitards, named as REGIS II (Vernes and Van Doorn, 2005). The geological units in REGIS II were
assigned with hydrological parameters like hydraulic conductivity and effective porosity for groundwater
modeling. In DGM and REGIS II, the Holocene deposits are considered as a single cover layer. The
GeoTOP is a cell-based true 3D volumetric model expressing the shallow subsurface of the upper 30 m
through allocating each cell with geological characteristics, physical and chemical parameters.
Geological Survey of Italy
From 1877 to 1976, the survey finished the 1:100000 scale geological map of the whole national terri-
tory. The whole map constitutes 277 sheets and they are available in the ISPRA Library. A new 1:50000
scale Geological Map of Italy project, namely CARG (CARtografia Geologica), is undertaken to improve
the basic geological knowledge. New data and techniques have been incorporated to the project. In the
geological sheets with in-depth knowledge and the availability of subsurface, 3-D geological model will be
carried out (De Donatis et al., 2005).
German Geological Surveys
The cooperation of the German Geological Survey organizations is bridged by the Study Group 3-D
Modeling (Kommunikationsforum 3D), which aims at exchanging knowledge about workflow and prac-
tices, defining standards for data, enhancing software development especially for Gocad and plug-ins for
producing a unified 3-D model of Germany (Diepolder, 2011). The current 3-D activities in Germany
are focusing on the deeper subsurface aimed at multi-use of the underground and for investigating and
sustainable exploitation of geothermal energy. Most of the 3-D geological models in German regions have
been implemented in Paradigms Gocad. Using the same modeling software can enable the sharing of
model outputs and the customization of local databases. Several examples of 3-D subsurface modeling at
German Geological Surveys and methodologies were described and illustrated by Pamer and Diepolder
(2010). It should be pointed out at last that even though the merits of 3-D models have been proven by
many case studies worldwide, very few people and institutions in Germany have engaged in this essential
but toilsome task. Thus, limited territories of Germany are covered by 3-D underground models (Figure
2.1). Most of the outcomes are concentrated on the Bavaria State.
All of the discussed 3-D models and their information (software, purpose, reference etc.) are listed in
Table 2.2. In addition to these models, many other 3-D models have been finished in the world and more
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models will be finished in the future to accomplish the reality of the “Digital Earth”.
Figure 2.1: State of 3-D geological modeling in Germany including the German sector of the North Sea,
modified based on (Diepolder, 2011)
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Table 2.2: Discussed 3-D geological models in Section 2.3
Country Study area Softwar Purposes Author&Year
Canada a continuous esker seg-
ment in the Abitibi area
(24 km × 11 km)
Gocad to understand the architecture of the surficial geology in relation with ground-
water circulation patterns in the esker and surroundings to provide local au-
thorities with a decision making tool for regulating activities on and near the
esker.
Bolduc et al. (2005)
St. Lawrence Lowlands
(1500 km2)
Gocad to improve understanding of subsurface conditions above the regional fractured
rock aquifer and to provide a common framework for different hydrogeologic
applications.
Ross et al. (2005)
Quebec City and the
vicinity
Gocad to define the subsurface distribution of the hydrostratigraphic units and to allow
the interpolation of hydraulic properties in a regional framework incorporating
the observed hydrofacies distribution
Lamarche et al.
(2008)
Eastern part of the
Monte´re´gie region in the
province of Quebec (9000
km2)
Gocad to propose a more comprehensive workflow of the subsurface geological model-
ing by integrating multiple 2D indirect surface measurements
Blouin2011
Winnipeg area of south-
eastern Manitoba (200 km
× 230 km)
Gocad to broaden knowledge of subsurface and to satisfy the demand of groundwater
and hydrocarbon
Keller et al. (2009,
2005)
Lake Winnipeg region
(78000 km2)
Gocad
TGI Williston Basin
(494000 km2)
Gocad
Geological Atlas of WCSB Gocad
USA Santa Rosa Plain, Califor-
nia
EarthVision to predict pathways of groundwater flow beneath the Santa Rosa Plain and
potential areas of enhanced or focused seismic shaking.
Sweetkind et al.
(2010)
Hayward Fault Zone, San
Francisco Bay Region (100
km × 20 km)
EarthVision to provide as a multi-purpose resource for further geologic investigations and
process modeling
Phelps et al. (2008)
the Edwards aquifer in the
upper Seco Creek area of
Medina and Uvalde Coun-
ties in south-central Texas
EarthVision to visually explore and study geologic structures within the Seco Creek area
of the Balcones fault zone and to show the connectivity of hydrologic units of
high and low permeability between and across faults
Pantea et al. (2008)
Australia the Spring Hill area in cen-
tral Victoria
Gocad to assess the groundwater resource Gill et al. (2011)
the Sydney Basin EarthVision to estimate carbon storage potential in the Sydney Basin Douglass and Kelly
(2010)
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the West Arnhem Land,
Northern Territory
3D GeoMod-
eller
to improve the geological knowledge and to model the gravity and magnetic
field
Lane et al. (2007)
China Shunyi developing dis-
trict, Beijing
Gocad to support the city planning Dong (2008)
Mentougou developing
district, Beijing
Geological
data system
to support the city planning Zhao and Li (2010)
United
Kindom
Knowsley Industrial Park,
England (17 km2)
GSI3D to develop and apply a 3D model of the superficial deposits beneath the park
to a qualitative assessment of the vulnerability of the underlying aquifer to
potential pollution
Price et al. (2008)
Central Manchester and
Salford (75 km2 )
GSI3D to assess the aquifer recharge in the urban environment Lelliott et al. (2006)
the Chalk aquifer in the
London Basin and within
the Jurassic limestone
aquifer of the Cotswolds
GSI3D,
Gocad and
EarthVision
to improve understanding of groundwater flow and pollution transport Royse et al. (2010)
London and the Thames
Gateway development
area (3200 km2)
GSI3D to integrate diverse geological data togher using modern technologies and to
visualize the spatial relationsips between geological units with different prop-
erties
Ford et al. (2008)
Oxford City GSI3D to act as a basis for groundwater flow model Kessler et al. (2007)
the Thames Gateway de-
velopment area
GSI3D to attribute the 3-D geological model with engineering, hydrogeological and
confidence properties
Royse et al. (2009)
France the Champtoceaux area of
Brittany, France
3D GeoMod-
eller
to provide a new methodology for integrating multidisciplinary information
into a geological 3-D model and to provide new constraints for geological and
kinematic interpretations of the Champtoceaux area
Martelet et al. (2004)
the EGS Soultz site (30 ×
20 km)
3D GeoMod-
eller
to visualize the complex fault network of the graben by federating the knowl-
edge on this specific area
Dezayes et al. (2011)
the Paris Basin model 3D GeoMod-
eller
to assess the geothermal resouce in the Paris Basin Castagnac et al.
(2011)
the
Nether-
lands
Province of Zeeland Isatis to model the shallow subsurface schematically in grid cells Stafleu et al. (2010)
Province of Zuid-Holland Isatis to model the shallow subsurface schematically in grid cells Stafleu et al. (2011b)
Italy Geological sheet of Fos-
sombrone
2D Move and
3D Move
to achieve the benefits in information management and to develop 3-D spatial
model
De Donatis et al.
(2005)
Germany east of Ostrach in the Up-
per Swabia
Gocad to quantify the thickness and volume distribution of exploitable sandy gravel
and to evaluate the occurrence of non-exploitable interbedded diamicton hori-
zons
Kostic et al. (2007)
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State Saxony Gocad to assess the geothermal resource Diepolder (2011)
Others the Virttaankangas
aquifer in Finland
EarthVision to characterize the hydrogeological units of the aquifer and to plan the infiltra-
tion of river water into the aquifer
Artimo et al. (2003)
Poland Gocad to assess geothermal resource and others Malolepszy (2005)
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2.4 Discussion
Most active Geological Surveys in the world have begun to expand their archived 2-D geological maps to
3-D geological models. Benefits from 3-D modeling are obvious because:
1) 3-D productions can depict the geology more clearly than 2-D productions;
2) various derivatives or maps can be further generated; and
3) 3-D productions can accommodate specific demands of end-users.
The researches undertaken in most Geological Surveys are being focused on development of method-
ologies and software tools, data storage and management, and pilot studies of usages of 3-D models.
The aims and applications of 3-D models in every country are varied, depending on their special needs,
geological settings, as well as data types and quantity. General applications are concentrated on natural
resources, such as groundwater and mineral evaluation. However, currently, the Geological Surveys have
turned their attentions to high resolution 3-D geological modeling of shallow subsurface for groundwater
investigation and protection in shallow aquifer system and planning of city development. Some of them
have undertaken special projects for shallow subsurface modeling, such as the USA, the Netherlands,
and the Great Britain. Another tendency is to publish 3-D geological products in the internet and allow
users to rotate, zoom and cut the models in the web format. In order to finally achieve a consistent
and seamless 3-D national geological model for each country, it is recommended to carry out all of the
regional 3-D models in single software.
27
2. LITERATURE REVIEW
28
3Data Management and Methodology
of 3-D Geological Modeling
The 3-D geological model is a synthesis of available data through advanced technology and modeler’s
manipulation. Obviously, the quality and quantity of the originally collected data are paramount to the
reality of the resulting model. The Department of Environment at the Municipality of Aachen (here-
inafter called “the Municipality”) and the Department of Engineering Geology and Hydrogeology at the
RWTH Aachen University (hereinafter called “the LIH”) have contributed a large number of data and
maps to the 3-D geological modeling of the inner Aachen City. The inspection and quality control of the
collected data can ensure the reality of resultant model, thus they will be rigorously implemented.
3.1 Data Collection
To combine all the data in the 3-D geomodeling package, the easting and northing coordinates of all
of the collected data were spatially referenced by Bessel 1841 Transverse Mercator coordinate system.
Four main kinds of information were collected: 1) borehole records from original aims of academic re-
search and infrastructure construction (Neumann, 1997); 2) large scale (1:5000) 2-D geological maps and
corresponding fence-diagram cross-sections (Borgmann et al., 1992a,b; Ewald, 1998; Fischer et al., 1991;
Ranft, 2011); 3) Digital Elevation Models (DEMs) (Jarvis et al., 2008; Tachikawa et al., 2011), described
and available on http://srtm.csi.cgiar.org/ and http://www.ersdac.or.jp/GDEM/E/1.html); and 4) pub-
lications for description of geology of Aachen City (Becker et al., 2011; Breddin et al., 1963; Dieler, 1963;
Fernandez-Steeger et al., 2011; Ranft, 2011; Reicherter et al., 2011; Sindern et al., 2012, 2007; Walter,
2010a,b). The detailed descriptions of collected data are given as follows independently in terms of the
data type.
Borehole Records
The most important data for 3-D modeling is probably the borehole records, which are normally
obtained from direct observation of the subsurface. The Municipality and the LIH have archived two
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databases separately for the compilation of 5215 boreholes covering the modeling area (Easting from
2504000 m to 2508000 m, northing from 5624000 m to 5628000 m). Each borehole record contains
information of UTM coordinates, surface elevation (in most records), down-hole depth, address, strati-
graphical attribution and lithological attributions. The distribution of the boreholes is indicated in Figure
3.1. Boreholes collected from the Municipality (indicated as squares in Figure 3.1) are characterized by
clustered (observed for construction of buildings) or aligned (observed for construction of roads, railways
and tunnels). Most of the LIH boreholes (indicated as circles in Figure 3.1) were drilled especially for
the geological or hydrogeological researches, thus, more homogeneously distributed. Table 3.1 shows the
amount of boreholes according to the depth of drilling.
Figure 3.1: Overview map of the distribution of collected boreholes in the modeling area
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Table 3.1: Overview of the amount and depth of the collected boreholes
Inventory The Municipality The LIH
Amount of boreholes with depth of less than 2 m 584 847
Amount of boreholes with depth of from 2.01 m to 5 m 1550 708
Amount of boreholes with depth of from 5.01 m to 10 m 712 290
Amount of boreholes with depth of from 10.01 m to 20 m 252 164
Amount of boreholes with depth of more than 20.01 m 53 55
Total amount 3151 2064
Digital Elevation Models (DEMs)
Two online available DEMs have been introduced for the topographic modeling of the ground surface.
High resolution DEMs are always critical to geomodeling when ground elevations are missing in borehole
records. The utilized Shuttle Radar Topography Mission (SRTM) Remote Sensing Sensors DEM was
made at 3-arc seconds (approximately 90 m at the equator) and released by NASA (the National Aero-
nautics and Space Administration) and USGS in 2003 (Jarvis et al., 2008), described and available on
http://srtm.csi.cgiar.org/, while the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) Global DEM was made at 1-arc second (approximately 30 m at the equator) and released by
METI (the Ministry of Economy, Trade and Industry of Japan) and NASA in 2009 (Tachikawa et al.,
2011), described and available on http://www.ersdac.or.jp/GDEM/E/1.html.
Due to radar characteristics, the SRTM DEM misses data on topographically steep area. ASTER
GDEM misses data where the scanner was obstructed from constant cloud. But the ASTER GDEM
is available for high-latitude and steep mountainous area. Thus, the two DEMs could be supple-
ment for each other to generate a complete topographic ground surface of the modeling area. The
DEMs were downloaded with given latitude and longitude coordinates. In order to incorporate the
DEMs into the 3-D geomodeling package, the geographic latitude and longitude were converted to the
Bessel 1841 Transverse Mercator coordinate via ESRI ArcGIS program. The DEMs were then converted
to raster files based on their original cell sizes, i.e. approximate 90 m for SRTM data and 30 m for
ASTER data. The raster files of the two DEMs are separately shown in Figure 3.2 and Figure 3.3. Then
a set of gridded nodes with ground elevation data stored in the DEMs were extracted from center point
of each cell. Each DEM was finally transferred to a point set file with easting value, northing value and
elevation value.
It can be seen from the two DEMs that the northeast of the modeling area is lower than the southwest.
In the southwest, some valleys are existed (color alternation from blue to light yellow). There is a big
valley around the Main Railway Station. In these areas, the topographical modeling should be paid more
attention.
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Figure 3.2: Raster file of SRTM DEM with 3-arc seconds grid
Figure 3.3: Raster file of ASTER GDEM with 1-arc second grid
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2-D Geological Maps and Tectonic Map
Digital 2-D geological maps of 1 m, 2 m, and 5 m depth (Figures 3.4, 3.5, and 3.6) at the scale of
1:5000 and the corresponding cross-sections in archived documentations at the LIH were digitized and
incorporated in the 3-D modeling process (Borgmann et al., 1992a,b; Ewald, 1998; Fischer et al., 1991).
The 1:5000 scale geological map of the North Rhine-Westphalia is composed of 8630 sheets and the size
of each sheet is 2 km × 2 km. In the current study, the modeling area uses four sheets. The 1:5000 scale
maps are capable of describing the true layout of the Earth’s surface formed through nature processes and
anthropogenic influences. These geological maps are particularly suitable for purposes of city planning
and can act as a large scale basis for the thematic surveys. The applications of these maps are road
design and management, administration, public transportation and building foundation.
Figure 3.4: Geological map at 1 m depth below ground surface
The 2-D interpretive geological maps can help identify the extent, distribution, and borderline of each
geological formation and fault. Polygonal curves of the geological borders and fault traces were extracted,
and then imported to the 3-D geomodeling software.
The basement of Aachen area is characterized by a Variscan fold and thrust belt (Ribbert, 1992). The
detailed geological settings of Aachen will be described in Chapter 4. The positions of faults are shown
in Figure 3.7.
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Figure 3.5: Geological map at 2 m depth below ground surface
Figure 3.6: Geological map at 5 m depth below ground surface
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Figure 3.7: Main faults in the inner Aachen City, modified after Ranft (2011)
3.2 Data Cleaning and Quality Control
The handling of so much borehole data cannot be undertaken without systematic control (Thierry et al.,
2009). The objective, with respect to the procedure of data cleaning and quality control, is to minimize
the number of errors which are anticipated to affect the quality of data and to verify the consistency of
the data, before the data are incorporated to geomodeling and other purposes. The procedure is mainly
implemented to ensure the quality of the borehole data. Most of the records are spatially referenced by
elevation values. Given the large volume of data, evaluating all of the data manually cannot be envisaged.
Therefore, in the current research, all of the borehole records were corrected and managed following three
semi-automatic steps:
Searching for typing errors, duplicates and non-attributions
The typing errors are inevitable due to the large amount of borehole records and different stages and
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authors of compiling them into the database. Erroneous x, y coordinates were identified by means of
visualizing them in GIS tools. The coordinates of the borehole were compared with the drilling address.
This method cannot verify the coordinates very accurately. However, the apparent erroneous coordinates
can be identified. Borehole items with no core descriptions were removed from the database. Duplicate
boreholes (especially the duplicate boreholes in two databases) at the same location were identified and
compared with each other and the surrounding boreholes.
Comparison of the starting elevation in the borehole records to the DEMs
In order to derive a geometric model of the subsurface, easting, northing coordinates and the starting
height value of the boreholes are essential to the precision and reliability of the model. The vertical
coordinates of the starting elevation of the boreholes should be paid more attention, since urban devel-
opment often changes the topography and concerns mainly the geological cross-sections of the first few
meters. The time span of the drilling records in the database lasts from the 1950s to the 2000s. During
this period, the anthropogenic modifications on the topography of the modeling area were frequent due
to the settlement process (Fernandez-Steeger et al., 2011). Thus, most of the vertical coordinates have
to be checked carefully at the earliest stage of the study and the imprecise data must be eliminated
to avoid the imprecision of the further interpretation. The archival surface elevation of each borehole
and the point sets extracted from the two DEMs were all plotted and compared with each other in the
GIS environment. If the data from any two sources were more consistent than from another source, the
more consistent data were selected as the correct one. When three elevations of one borehole were all
with more than 5 m difference with each other, this borehole will be discarded for further modeling to
avoid imprecision. The discrepancies occurred significantly in the valley area of Aachen (the southwest
of modeling area around the Koenigshuegel) where the SRTM data were higher than the ASTER data
in the bottom of the valley. Through in comparison with the borehole data, ASTER data were more
corresponding to the borehole data than the STRM data. The discrepancies between the borehole data
and DEM data occurred mostly near the Main Railway Station where there is a deep valley.
Inspecting of geological consistency between nearby boreholes
Since the borehole records were collected from many origins, their geological consistencies among
neighboring data have not been checked. To do so, the proximity radius within which the boreholes
should be compared with each other should be firstly specified. In the current research, the modeling
dimension is divided to 400 segments. Each segment is with 200 m by 200 m. The size of the segment
is defined according to the rules that there are at least 10 boreholes in most of the segments. All of the
borehole records with their down-hole geological formations were displayed in the 3-D space. The top
point of one geological formation was visualized by one unique color. A grid network with cell size of
200 m by 200 m was previously constructed. Then the boreholes within one grid and in between the
intersected two grids (both grids shared one same side) were compared with each other. The comparison
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is illustrated in Figure 3.8.
Figure 3.8: The grid network of comparison of geological consistency among nearby boreholes
As been exemplified in Figure 3.8, the boreholes in the 1st grid will be compared with boreholes in the
1st, 2nd and 21st grids, boreholes in the 22nd grid will be compared with boreholes in the 2nd, 23rd, 42nd,
21st, and 22nd grids. The procedure of verifying the geological consistency among neighboring boreholes
is illustrated in Figure 3.9. For example, there are 18 boreholes located in a grid and they are named as
BH01 to BH18. Each borehole is visualized as its drilling path in 3-D space. The yellow tower on top
of each drilling path indicates the position of borehole on the ground surface. The core descriptions are
indicated as colorful balls along the drilling path according to their down-hole depth since they are all
vertical drilling. Each geological formation is indicated as one unique color. For instance, 13 core samples
were made for BH06. The first three samples belong to one geological formation indicated as brown ball,
the middle seven samples belong to one geological formation indicated as green ball and the last three
samples belong to one geological formation indicated as dark blue ball. In Figure 3.9, the top green ball
in most of the boreholes could be connected (indicated as red lines), which implies that a continuous
boundary might be modeled. However, in BH03, BH07, BH11 and BH12, all of the core samples were
recorded as the same geological formation (indicated as dark blue balls). Thus, the four boreholes should
be paid more attention for further 3-D modeling. The verification of the geological consistency among
nearby boreholes consumes time. However, this procedure is a requisite step for ensuring the accuracy of
the resulting 3-D models.
After these procedures, 3839 out of 5215 (73.6%) boreholes have been retained over the entire research
area for the further 3-D geological modeling. The eliminated boreholes were mainly on account of: 1)
loss of original core descriptions; 2) duplicated boreholes in two databases; 3) very unreliable ground ele-
vation; and 4) apparent inconsistency with nearby reliable data. From the borehole database, items with
the same attributes of geological formation were then grouped from the borehole database independently.
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Figure 3.9: Verifying of the geological consistency in 3-D space
3.3 Methodology of the 3-D Geological Modeling
A basic 3-D geometric model comprises three main features: consistent geological boundaries, fault planes,
and the conformable or unconformable relationship between geological formations (Caumon et al., 2009).
Generally, an unconformity is a surface separating two strata of un-continuous ages, which manifests
erosion of some sediments and rock, non-deposition, or tectonic discontinuities.
The 3-D geological modeling in the present study encompasses three general steps: 1) Fault planes
are constructed to partition the modeling area into several fault blocks; 2) geological boundaries are
constructed through different approaches in terms of their own features; and 3) fault planes and geolog-
ical boundaries are bounded together to construct a hexahedral-cell-based 3-D volumetric model. The
proposed modeling procedure is comprehensive to combine geological data with heterogeneous formats
in the final model. The resulting model is not only able to represent the subsurface thoroughly, but
also able to incorporate and analyze discrete hydrogeological and geotechnical attributions for further
practical applications, such as constructing 3-D geotechnical models, as well as simulating groundwater
and pollutant flow. In the following parts of the dissertation, the expression of geological surface means
geological boundaries, fault planes, unconformities or intrusion boundaries. First of all, some geological
surface construction approaches are elaborated. Then, the strategy of volumetric modeling is described.
3.3.1 Direct Triangulation of Geological Surface
The simplest geological surface is with the cylindrical shape, which can be created from a polygonal line
and an expansion vectors, or from several parallel lines to obtain piecewise conical surfaces. The cylin-
drical assumption which can be described by mathematical formulas is sometimes adopted for surface
construction. However, it is seldom encountered in nature and cannot delineate the actual geometry of
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geological surface (Pollard and Fletcher, 2005).
A more satisfactory strategy for creating a simple, or in other words, gentle relief geological surface
is to triangulate the elevation point sets confined within the area of the geological border. TIN surface
based on Delaunay triangulation is a prevalent method because it can maximize the mesh quality of tri-
angles (Delaunay, 1934; Peucker et al., 1978). One shortcoming of the Delaunay triangulation is that its
boundary is a convex hull, which may exceed the real geological border. A vital solution is to introduce a
polygonal curve digitized from the geological border as a confinement to avoid the excess. For this reason,
the construction of a geological border model is the useful means to confine every geological surface in its
own area. From geometric point of view, there are three possible relationships for any two borderlines:
intersection at some nodes, overlapping completely or partly, and un-attaching (Xu et al., 2011). Thus,
prior to geomodeling, a unitary 2-D wire frame consisting of all the geological borders of the modeled
geological boundaries is recommended to be established following the basic rules of geological boundaries
described in Section 2.1 in order to avoid unnatural contacts between geological units (Xu et al., 2011).
Direct triangulation connects all the input points. Therefore, the resulting geological surface exactly
honors the elevation of input points and the topography within the dimension of one triangle is a plane.
However, the input points are often irregularly sampled and sometimes the dimensions of the triangles
are very large, which can reduce the mesh quality of the surface. Moreover, the feature of the created
surface depends only on the feature of input points and not on the real feature of the surface. Therefore,
improvement of the input points is incorporated into the procedure of surface construction before the
final surface is constructed.
3.3.2 Indirect Surface Construction
Interpolating of the sampled elevation points is a possible strategy to improve the density of input points
for surface construction. The sampled elevation points in the current study were obtained from the
drilling records. The drilling records in urban areas are in general surveyed by engineering companies for
construction of residential buildings, factories, roads, railways etc. Such data are characterized as poor
distributions that are sparse in some area and clustered in other areas. For example, as shown in Figure
3-1, the boreholes collected in Aachen are irregularly positioned. Either sparse or clustered data points
will reduce the mesh quality of the geological boundary. A common strategy is to interpolate the elevation
data on a grid with nodes of equivalent interval, and then to perform the Delaunay triangulation on the
interpolated elevation points to obtain a regular triangulated surface. Various interpolators have been
proposed and applied, e.g. Inverse Distance Weighting (Shepard, 1968), polynomial regression (Schatz-
man, 2002), B-spline interpolation (Sankar and Ferrari, 1988), and Kriging interpolation (Krige, 1951;
Matheron, 1963). For any interpolation method, the estimated value has an error with the true value.
Statistically, the best estimation should follow two principles: 1) the mean error is equal to zero, namely,
unbiasness; and 2) the variance of estimation is minimum, namely, optimal estimation. The philosophy of
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the Kriging interpolation follows the two principles, thus it was employed in the current study. Another
significance of the Kriging interpolation lies in its derivate of prediction error, which could be used as
a robust quantified support for analyzing uncertainties of the resulting 3-D model. In contrast to other
interpolators, Kriging considers the maximum intrinsic correlation among measured samples, including
their distances to unmeasured location and structure characteristics of the samples.
3.3.3 Geostatistic Analysis
The Kriging interpolation of the sampled elevation data based on the classic geostatistic analysis has
been adopted to construct the geological surfaces which cannot be simply obtained from direct trian-
gulation. The elevation data can be analyzed following a two-step geostatistic approach: 1) structure
analysis of spatial variable, and 2) Kriging interpolation. Structure analysis, known as variography, is a
spatial-dependence model that can describe the spatial correlation of the studied variable. To make a
prediction for an unknown value at a specific location, Kriging will use the fitted model from variogra-
phy, the spatial data configuration, and the values of the measured sample points around the prediction
location. A typical geostatistic approach is illustrated in Figure 3.10.
Figure 3.10: Approach of geostatistic analysis, modified after Johnston (2004)
The following geostatistic steps employed in the current study were abstracted from some geostatistics
textbooks and journal papers (Bohling, 2005b; Deutsch, 2002; Goovaerts, 1997; Gringarten and Deutsch,
2001; Wang, 1999). The term of geostatistics is defined as a science which analyzes the stochastic and
structural natural phenomena based on theory of spatial variable and tool of variogram (Hou, 1993; Isaaks
and Srivastava, 1989; Webster, 1985). Two basic components of geostatistics are:
– Spatial variable: Phenomena that vary and auto-correlate in space and/or time.
– Semi-variogram: Tool to characterize spatial correlation or roughness of the spatial variable.
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1. Basic requirements for the studied variable
Geostatistics requires that the spatial variable complies with stationary hypothesis.
For a stochastic variable Z(u), if the cumulative distribution of Z(ui) is equal to the cumulative
distribution of Z(ui + h), the variable suffices the strict stationary hypothesis.
Fu1,u2,......,un(Z1, Z2, ......, Zn) = Fu1+h,u2+h,......,un+h(Z1, Z2, ......, Zn),
Where u is the vector of spatial coordinates, Z(u) is the variable under consideration as a function
of spatial location, h is the lag vector representing separation between two spatial locations. Func-
tion Fu1,u2,......,un(Z1, Z2, ......Zn) is the cumulative distribution function. For the spatial variable, strict
stationary hypothesis normally can not be complied with. Therefore, in practice if the second order
stationary hypothesis can be satisfied, geostatistics can be employed to the estimation of spatial variable.
When the spatial variable Z(u) satisfies the following two conditions, it is second order stationary.
– In the research area, the mathematical expectation of Z(u) exists and is equal to a constant, i.e.
E[Z(u)] = E[Z(u+ h)] = m and
– In the research area, the covariance of Z(u) exists and only depends on lag vector h, not the location
u, i.e.
Cov{Z(u), Z(u+ h)} = E[Z(u)Z(u+ h)]− E[Z(u)]E[Z(u+ h)] = E[Z(u)Z(u+ h)]−m2 = C(h)
When h = 0, C(0) = Cov{Z(u), Z(u)} = V ar[Z(u)]
Wherem is a constant value, E[Z(u)] is the mathematical expectation of variable Z(u), Cov{Z(u), Z(u+
h)} is the covariance function of Z(u) and Z(u + h), C(h) is the covariance of distance h, V ar[Z(u)] is
the variance of Z(u).
The second order stationary hypothesis assumes that the covariance Cov{Z(u), Z(u+ h)} exists. In
nature, many stochastic variables don’t have covariance, but their variogram can be found. Therefore,
an even weaker stationary hypothesis was proposed, i.e. intrinsic hypothesis.
If the spatial variable Z(u) satisfies the following two conditions, it satisfies the intrinsic hypothesis.
– In the research area, the mathematical expectation of [Z(u)− Z(u+ h)] is equal to zero, i.e.
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E[Z(u)− Z(u+ h)] = 0
The E[Z(u)] is not required to be existed or as a constant.
– The variance of [Z(u)−Z(u+ h)] exists and stationary (i.e. it doesn’t depend on the location), i.e.
V ar[Z(u)− Z(u+ h)] = E[Z(u)− Z(u+ h)]2
Thus, the first step of geostatistics is to check whether the studied variable can follow either of above
hypothesis or not. If not, some transformations should be conducted.
2. Trend elimination
Trend in the dataset is the nonrandom feature that can be represented by some mathematical for-
mula without needing estimation (Goovaerts, 1997). When a trend exists in the variable, the stationary
hypothesis of geostatistics cannot be satisfied. Thus, the spatial trend in samples should be identified
and removed prior to variogram analysis. In the current research, the points of the surface elevation were
plotted in a 3-D space, and then they were projected onto the two perpendicular planes of XZ and YZ.
A best-fit line was regressed through the projected points on each plane and a polynomial function was
selected to describe the line. The spatial trend was then removed from the samples and the remained
random part is called the residual.
3. (Semi)variogram analysis
Structure analysis is carried out on the residuals based on the semivariogram function, which is
the exclusive means in geostatistics. The semivariogram has been used widely to quantify the spatial
variability of spatial phenomena for many years. The semivariogram γ(h) is a separation function of h
between points, and not a function of the specific location, which is defined as the following formula:
γ(h) =
1
2
V ar[Z(u)− Z(u+ h)] =
1
2
E[Z(u)− Z(u+ h)]2 − {E[Z(u)− Z(u+ h)]}2
Under the condition of stationary hypothesis, E[Z(u)− Z(u+ h)] = 0, thus
γ(h) =
1
2
E[Z(u)− Z(u+ h)]2 =
1
2N(h)
N(h)∑
i=1
[Z(ui)− Z(ui + h)]
2
where N(h) is the number of data pairs separated by h.
Under the second order stationary hypothesis, γ(h) = C(0)−C(h), which is illustrated in Figure 3.11.
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Figure 3.11: Relationship between semivariogram and covariance under second order stationary condition
(Wang, 1999)
The semivariance increases when the distance between two points increases. But it will then level off
and reach the maximal value of C(0) after the distance is over value of a. The covariance decreases when
the distance between two points increases. The covariance C(h) will level off and reach zero after the
distance is over value a. Here the value a is called range, which reflects the influence spectrum of the
autocorrelation. When the distance is between 0 to a, the spatial variable is auto-correlated. By means
of the semivariogram function γ(h), the semivariance of a set of vector distance h can be calculated. The
semivariances of a series of lag distances can be plotted as a two-dimensional graph, namely, variogram
surface (Figure 3.12 (a)). Each cell of a variogram surface represents a measure of spatial continuity
that summarizes the semivariance for a separation vector h. This diagram was conducted in the current
study to identify the anisotropy with respect to the variability of the variable. If the values indicate
the same structure in all directions, the residuals have the same spatial continuity in all directions, or
are isotropic. Conversely, they are anisotropic. Anisotropy is common in spatial phenomena. In this
situation, directions of the maximum and minimum spatial continuity could be identified from the vari-
ogram surface. For example, in Figure 3.12 (a) the maximum continuity is along the solid line direction
and the minimum continuity is along the dashed line direction. The semivariance values along the two
directions were then plotted in a 2-D coordinate system with x-axis of lag h and y-axis of semivariance
value, namely directional variogram or experimental variogram (dots in Figure 3.12 (b)). The experi-
mental variogram cannot be directly used in subsequent geostatistic analysis because they cannot reveal
the semivariogram values at a continuous series of lag distances. So, theoretical models that required by
Kriging interpolation were regressed to fit the experimental variograms (the curve in Figure 3.12 (b)).
The theoretical model includes three important parameters as follows:
(a) Sill value. It is the semivariance value at which the variogram levels off. Sill value is composed
of two parts (nugget value and covariance). Nugget value reflects the variation of variable values at two
very close locations, which is sometimes caused by observation error or lack of data pairs in the smallest
lag distance. Sill value is the maximum autocorrelation among the measured samples.
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Figure 3.12: Variogram surface (a) (Dong et al., 2011), experimental variogram and fitted theoretical model
(b) (Wang, 1999)
(b) Range. Range is the distance where the semivariogram value reaches the sill value. Presumably,
when the distance of the two samples is over the range, they are not auto-correlated.
(c) Model type. The five most frequently used models are Nugget, Spherical, Exponential, Gaussian,
and Power models. The linear combination of these models may be built to fit the complicated semivar-
iogram structure (nested structures). The Nugget model represents the discontinuity due to small-scale
variation. The independent Nugget model cannot represent a spatial auto-correlated variable. The Spher-
ical model exactly reaches the specified sill value at the specific range. The Exponential and Gaussian
model approach the sill asymptotically, the range in the two models is defined as the distance at which
the semvariance reaches 95% of the sill value. The functions of these models are:
Nugget:
γ(h) =
{
0 if h = 0
c otherwise
Spherical:
γ(h) =
{
c ∗ (1.5(ha )− 0.5(
h
a )
3) if h ≤ a
c otherwise
Exponential:
γ(h) = c ∗ (1− exp(
−3h
a
))
Gaussian:
γ(h) = c ∗ (1− exp(
−3h2
a2
))
Power:
γ(h) = c ∗ hw 0 < w < 2
Where c is the sill value.
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Models with a finite sill is called transition model, such as the Spherical, Exponential and Gaussian
model. The three models are shown in Figure 3.13.
Figure 3.13: Three common used theoretical models for variogram (Bohling, 2005a)
After above procedures, the function of chosen theoretical model to calculate semivariance values at
different lag distance has been established. The semivariogram models were used in the following Kriging
interpolation. The searching neighborhood for an estimated node is defined by the long range and short
range along the directions of maximum continuity and minimum continuity, which is illustrated in Figure
3.14. The ellipse is the neighbor points searching boundary for an estimating node (red dot). The macro
axis is along direction of maximum continuity with length of long range. The branchy axis is along
direction of minimum continuity with length of short range.
Figure 3.14: The ellipse of the neighbor boundary for an estimating node
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4. Kriging interpolation
The result of Kriging estimation is a linear combination of neighboring samples, which is defined as
Z∗(x0) =
n∑
i=1
λiZ(xi)
where Z∗(x0) is the estimated value, λi is the weight of the nearby sample, and Z(xi) is the measure-
ment of the nearby sample. Un-bias and minimal variance of prediction errors are two requirement for
selection of λi, i.e.
un-bias: E[Z(xi)− Z
∗(xi)] = 0
optimal: V ar[Z(xi)− Z
∗(xi)] = min
Based on the two requirements, an equation set to calculate the weights of neighboring samples of an
estimated location can be obtained. The solutions of the equation set are the weights λi and prediction
variance. The equation set was established and elaborated by Matheron (1963).
In order to model a geological surface, a grid network with a set of nodes covering the extent of the
surface was defined firstly (Figure 3.15), and then the value at each node of the network was estimated.
Figure 3.15: Grid network for Kriging interpolation
The Kriging interpolation consists of several different variations to be tailored to different nature of
variable. The classic methods are Simple Kriging (SK), Ordinary Kriging (OK), Universal Kriging (UK),
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CoKriging (CK) and Indicator Kriging (IK). The Simple Kriging method requires that the mathematical
expectation of the spatial variable is stationary and is a known constant. The Ordinary Kriging method
requires that the mathematical expectation of the spatial variable is stationary but unknown. The CoK-
riging method considers the autocorrelation of several variables and uses the other variables to estimate
one main variable of interest. The CoKriging method requires not only estimation of autocorrelation for
each variable but also the cross-correlation among the variables. The Indicator Kriging method trans-
forms the data to binary data 0 or 1 through the use of a threshold for continuous data. The estimated
values will be between 0 and 1, and the predictions from Indicator Kriging can be interpreted as probabil-
ities of the variable being more or less than the threshold value. The Universal Kriging method requires
that the mathematical expectation of the spatial variable is a function of the location.
The last but essential step of Kriging interpolation is the cross-validation, which verifies the capa-
bility of regressed theoretical models for prediction. To perform cross-validation, once one point will be
removed from the sample dataset, and then other samples will be used to estimate the deleted value
by using the two chosen theoretical models. Through doing the same procedure piecewise, each sample
will have a true value and an estimated value. The difference from the two values is called error. Some
meaningful statistic factors could be evaluated from the error dataset. The most two interesting factors
are the mean error (ME) and the Root-Mean-Square error (RMSE). The best situation is that the SE
is equal to zero and the RMSE is minimal (Johnston, 2004). In order to pursue an optimal estimation,
several empirical theoretical models could be adopted to perform Kriging interpolation. A best model
could be found out through comparison of the ME and RMSE.
3.3.4 Geological Surface Refinement
The results of Kriging interpolation in ArcGIS is a kriged surface, which cannot be directly used in 3-D
space. Therefore, the kriged surface was firstly converted to a raster file and then the x, y, z values of
the center points of the cells in the raster file were saved as a point data set. Not all of the measured
points could be located on the nodes of the grid (Figure 3-15). However, the addition of samples before
triangulation reduces the mesh quality. In order to solve this problem, a geological surface was firstly
triangulated from the gridded point data set. And then the Discrete Smooth Interpolation (DSI) was
performed to add sample dataset back to the initial surface as height constraints at corresponding loca-
tions. Thus, elevation data at measured locations were fixed to the measured values without changing
the mesh structure. The triangles in the Delaunay triangulated surface are planar. DSI can also improve
the planar triangles to be curving, which is more appropriate to delineate the natural surface. In addition
to node constraint, DSI is able to set up a large number of line and plane constraints to minimize the
weighted sum of the roughness of geological surfaces, which were employed to improve the quality of the
geological surface. The line constraints in the current modeling were geological borders digitized from the
2-D geological maps, which were used to ensure the boundary of geological surfaces. Other constraints
utilized will be introduced in the next chapter based on the need of surface construction. The DSI can
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provide a smooth surface without considering the spatial variability of the variables and the derivative
of prediction error. Therefore, the integration of Kriging interpolation and DSI is a practical and more
reliable way to build the geological surface than simply using Kriging interpolation.
3.3.5 Volumetric Modeling
In the current study, the objective is to generate a hexahedral-cell-based layer-cake volumetric model.
Every geological formation is represented by a volumetric cell based geo-body, which can be used for fur-
ther property modeling for site-specific projects. The final 3-D volumetric model is a synthesis of a set of
geo-bodies. The surface modeling and volumetric modeling were performed in the Paradigm Geophysical
Gocad (Geological Object Computer Aided Design) 3-D geomodeling package. Gocad is probably the
most extensively used modeling package in geological surveying organizations worldwide and it has been
deployed successfully in most of the organizations in Australia, UK, Canada, Germany and the USA.
Gocad is a computer-aid approach for modeling of the geometry and properties of geological objects in
the subsurface for applications in geology, geophysics and reservoir engineering. With Gocad consistent
models can be built by using data of diverse types (e.g. DXF, GXF, SHP, XYZ, SEGY) from heteroge-
neous origins and of different spatial distribution. For example, it allows the combination of drilling data
and geoelectrical data. The Gocad software offers an excellent visualization and the resultant models can
be rotated in all three dimensions and sliced at any intervals along x, y, z axes. The 3-D modeling with
Gocad involves: 1) defining geo-objects like geological boundaries and fault planes in the area of interest;
2) defining the geometry of geological objects by a finite set of nodes in the 3-D space; 3) modeling the
geological boundaries by bridging these nodes; 4) interpolating the geometry of a geological boundary
with control points; 5) assigning property data to objects; and 6) constructing 3-D body model etc. In
addition to its robust 3-D modeling power, Gocad is chosen in the current research because of most of
the German geological models were implemented in Gocad (e.g. the 3-D geological model of Halle city,
3-D geological-tectonic model for former Saxon coal mining districts, 3-D volume grid model of Bavaria).
It is easier to exchange knowledge between geomodelers and to manage the national model in the future
by the government through using the same 3-D geomodeling software.
Once the structural framework of geological boundaries and fault planes was constructed, the volume
of interest area and depth were constructed in Gocad. Each layer in the volumetric model is created
from two triangulated surfaces, i.e. top and base boundary. Geomodellers can follow the systematic steps
contained in Gocad to construct a volumetric model made of hexahedral elements. The layers are built
from base to top. First of all, the delimit top and bottom of the geo-body are selected. The gridding
can be created and specified according to the X- and Y- axis, or given direction, or the border limits.
Then, the average cell size in the horizontal plane (along X and Y axis) is defined. Finally, the geo-body
is built through combining the top and base boundaries with hexahedral elements.
48
3.3 Methodology of the 3-D Geological Modeling
A geological unit in the resultant 3-D volumetric model was subdivided to large quantity of hexahe-
dral elements. Each element is able to be assigned with discrete properties, such as permeability, soil
fraction, porosity, bearing capacity etc. For geotechnical modeling, 3-D interpolation or simulation could
be implemented on the discrete properties to spread over the whole 3-D space. The resultant cell-based
model also contains topological information for each element.
3.3.6 Uncertainty Analysis
To date, the modeling technique and information management for 3-D geology has been rapidly devel-
oped. However, in the geological context, the real situation is often unknown and the model represents an
interpretation, based on limiting assumptions. For the model to be used in an effective and appropriate
manner, it is essential to assessing the uncertainty included in the data (Cave and Wood, 2002). Un-
certainty analysis of models is increasingly recognized by model users. But it is difficult to be practical
because it is too subjective (Pappenberger and Beven, 2006). Currently, the methods for uncertainty
analysis in general rely on a combination of mathematical, statistical and geostatistic models (Artus
et al., 2006; Emery and Gonzalez, 2007; Feyen and Caers, 2006; Lee and Lee, 2006; Tacher et al., 2006).
None standard practice has been published. In the current study, the computationally intensive approach
was adopted (Culshaw, 2005). For the geological surface obtained from the Kriging interpolation, the
measured data for estimation were re-sampled many times. Each time a new kriged surface with the
same cell size was created. The standard deviation of each gridded point was then measured as the
uncertainty. Before employing the method, the causes of uncertainty were identified and the relations
among the causes were detected. This was done by using a “fishbone” diagram (Kindlarski, 1984). Then,
the primary sources were determined to perform the qualitative or quantitative analysis. The Kriging
variance is an important quantification of the uncertainty with regard to the density of boreholes.
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4Three-dimensional Geological
Modeling of Aachen City
Applications of civil and geotechnical engineering depend on precise definition of the subsurface structure
(Rosenbaum, 2003). 3-D geological models can represent an advanced synthesis of different kinds of data
(geological and geophysical, surface and subsurface data), achieve the benefits in information manage-
ment, in data analysis and interpretation, and allow performing complex analyses and computations on
the geological framework. The 3-D research on subsurface of Aachen City has been implemented based on
the understanding of available geological origins. The top of the 3-D geological model is the topographic
map of the Earth’s surface, while the base is the top boundary of the Paleozoic basement. An overview
of geological settings of the research area is described below.
4.1 Geological Settings
Aachen City is situated at the northwest of the Rhenish Massif which formed during the Central Eu-
ropean Variscan Orogeny. The geology of the modeling area consists of the folded Paleozoic bedrock
whose uppermost part was totally weathered, the overlying unconformable Upper Cretaceous rocks and
the covering Quaternary deposits.
4.1.1 The Paleozoic Basement and its Weathering Uppermost Part
The basement of the Aachen City was deformed during the Late Carboniferous Variscan Orogeny and is
characterized by a Variscan fold and thrust belt, which is composed of SW-NE trending anticlines and
synclines and mainly SW-dipping thrusts (Ribbert, 1992). Consequently, the Devonian and Carbonif-
erous rocks have strongly inclined stratification extending from SW to NE, i.e. strike of the Rhenish
Massif. At the end of the Permian period, the bedrock was leveled widely. As a result, the nature of the
rock types of bedrock changes in the direction of SE to NW, while in the direction vertical to the strike
it remains in the long routes approximately the same rock type. The repetition of the Paleozoic sequence
from NW to SE is caused by the Variscan fold and thrust belt (Figure 4.1). During this process, the older
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and deeper rocks were placed over younger rocks and in somewhere reached the present Earth’s surface.
The thrust system in the Aachen City is shown in Figure 3.7.
In the northwest of the Aachen overthrust only a single layer of bedrock is located in the Aachen City,
the Namurian rock. It consists of thin shale with occasional deposits of sandy shale and beds of sand-
stones, quartzite and conglomerate. Most of them are completely hidden beneath the overlying strata
and are therefore in only a few places used as building foundation (Dieler, 1963).
In the block between Burtscheid and Aachen overthrusts, the sequence starts with the Frasnian lime-
stone which the Aachen thermal springs arise from. Over the above layer a thin layer follows towards the
south eastern, which consists of mostly marly limestones with intercalations of marl rich shale. Above the
Frasnian shale, the Famennian layer begins with a sequence of thin shale that contains more limestone
(Dieler, 1963).
According to the new research results based on the 2544 m deep well RWTH-1, the deformation of
the basement in the Aachen City is shown in Figure 4.1. The RWTH-1 well, which is situated about
500 m to the north of the Aachen overthrust, was drilled in the Aachen City in 2004 for investigation of
the geothermal energy (Sindern et al., 2012). The Variscan deformation and metamorphism took place
between 336 and 300 Ma (Nierhoff, 1994).
Figure 4.1: Geological map of the Variscan fold and fault system in the Aachen region (a) (Becker et al.,
2011; Walter, 2010b); Geological cross-section across the northern part of the Variscan fold and thrust belt
of the Aachen region (b) (Becker et al., 2011; Sindern et al., 2008)
The uppermost part of the Paleozoic basement was intensively weathered by humid climate, and the
weathering product was then eroded to a peneplain with less relief during the Late Cretaceous period
(Dieler, 1963). This weathering is not expected from the present land surface; rather it is bound to the
base of the overlying Cretaceous strata. The weathering product of the Paleozoic bedrock could be found
over most of the areas of Aachen City. However, they are not homogeneous in depth and rock type
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due to the different characteristics of the weathered bedrocks; thus, they perform diverse engineering
geological characteristics (Dieler, 1963). The weathering product consists of clay with very oddly formed
solid limestone or dolomite. The interposition of the weathering product with diverse rock types is a
special contribution to the structure of the subsoil in the inner Aachen City. The weathering layer is flat
bedded due to the pressure of the Cretaceous rocks.
4.1.2 The Upper Cretaceous Rocks
The Mesozoic units are missing in the inner Aachen City due to long term erosion of the entire region and
only some Cretaceous units are remained (Dieler, 1963; Fernandez-Steeger et al., 2011). The weathered
Paleozoic bedrock is the basal layer of the Cretaceous and is overlain by the Chalk Group deposited in a
marine environment during the Late Cretaceous period. The Chalk Group is divided into four formations
from base to top: the Aachen Formation, the Vaals Formation, the Gulpen Formation and the Maastricht
Formation. The detailed distribution of the post-Paleozoic formations including the Upper Cretaceous
rocks and Quaternary deposits are shown in Figures 3.4, 3.5, and 3.6.
The sedimentation began with the lagoonal deposition of the clayey Hergenrath Member of the Aachen
Formation in the Santonian, which is the bottom layer of the Late Cretaceous period and overlies most of
the weathered Paleozoic bedrock. The thickness of the Hergenrath Member is from 20 m to 40 m in the
inner Aachen City area (Dieler, 1963). The Aachen Sand Member of Aachen Formation in the Santonian
is overlying the Hergenrath Member. The Aachen Sand Member consists of glauconite sands and silts
with characterization of rich organic content. The thickness of the Aachen Sand Member is about 40 m
(Dieler, 1963).
The Vaals Formation in the Campanian is characterized by clay to fine sandy silt and fine glauconite
sand. The thickness of the Vaals Formation is up to about 35 m in the Aachen region (Dieler, 1963).
Following the Campanian, the Gulpen Formation of the Maastrichtian with thickness up to 50 m is
characterized by rich flint stone and limestones. The Gulpen Formation consists of the Orsbach Member
and the Gulpen Member. The Orsbach Member is characterized by limestone with a rich interlayer of
black flint stone. The Gulpen Member consists of marly limestones without flint. The following Maas-
tricht Formation consists of only the Vetschau Member with flint stone in the inner Aachen City area.
The Orsbach Member and the Vetschau Member show significantly different bedding conditions, which
are partly in the normal lithostratigraphic units, but often uncomfortably bedded (Dieler, 1963).
The regional tectonic evolution started to affect the area at the beginning of the Cenozoic period
by the Lower Rhine Embayment rift. This evolution results in the development of an NW-SE oriented
normal fault system which is normal to the Variscan thrust and folds (Ribbert, 1992). The major normal
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fault in the Aachen City is the Laurensberg fault (Figure 3.7). The regular structure of the Late Creta-
ceous period is interrupted by the Laurensberg normal fault (Figure 3.7). Under this interruption, the
top of the Paleozoic bedrocks and the base of the Cretaceous rocks were 25 m to 35 m lower in the hang-
ing wall than in the footwall. In the footwall of the Laurensberg fault, the overlying Upper Cretaceous
rocks leveled down on the underlain weathering layer of the Paleozoic bedrocks (Dieler, 1963). Thus,
the older weathering layer was again eroded over large areas. The succession of the members during the
Late Cretaceous period has been preserved within the hanging wall of the fault over a larger scale. In
the southeastern part of the inner Aachen City, the uppermost Gulpen Formation was totally eroded by
streams and floor tiles to form large amount of related sand.
4.1.3 The Quaternary Deposits
Today these younger normal faults and the Variscan fold and thrust belt are covered by the Quaternary
deposits in the Aachen City area. The Quaternary deposits are characteristic of a mixture of loess and
loess-loam of the Pleistocene and the Holocene, which are widely distributed in the city area and encom-
pass partially larger and partially smaller thicknesses (Dieler, 1963). The deposition of these formations
was preceded by a long period of uplift and erosion, during which the topography of the current Earth’s
surface was developed (Dieler, 1963). The large thickness of Quaternary deposits is mostly found on
slopes and the valley area. The most important composition of the Quaternary deposits is the loess,
which in the Aachen area occurs primarily as alluvial loess broadly. Under the influence of groundwater,
the loess is gray colored and becomes more cohesive (in the meaning of soil sciences). The inner Aachen
City with a long settlement history is now covered by anthropogenic debris.
The geological settings of the Aachen City described above are shown as a stratigraphic column in
Table 4.1.
4.2 Topographical Model of the Earth’s Surface
One of the keys to generating a reliable 3-D model is to constructing a reliable topographical model
of the Earth’s surface since the elevation points of geological boundaries are derived from the ground
elevation minus the down-hole depth in the borehole data. The ground elevations missed in the borehole
records were read from the SRTM DEM and ASTER DEM based on the x, y coordinates. During the
implementation of data cleaning and quality control described in Chapter 3, the unreliable elevation data
from the DEMs and boreholes were discarded. Gridded points attributed with x, y, z coordinates from
the central points of the cells of DEM raster files were extracted and saved as a point dataset. A gridded
topographical surface was firstly constructed from the point dataset through direct triangulation. And
then the point dataset comprised of the x, y, z coordinates of the starting point of the boreholes was added
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Table 4.1: Stratigraphic overview of the Aachen City, modified after Ranft (2011)
Period Stratigraphic Description
Cenozoic Quaternary
Holocene
back filled soils
valley clay and valley gravel
Pleistocene
loess
loess-loam with flint stone
unconformity
Mesozoic
Cretaceous
Late Cretaceous
Maastrichtian
Vetschau Member
Orsbach Member
Gulpen Member
unconformity
Campanian
Vaals Formation
Santonian
unconformity
Aachen Sand Member
Hergenrath Member
unconformity
Paleozoic
Carboniferous
Late Carboniferous Namur Namur Formation
Early Carboniferous
unconformity
Dinant Formation
Devonian Late Devonian
Famennian Famennian Formation
Frasnian Frasnian Formation
to the gridded topographic surface as the point constraint to refine the surface through DSI. Finally, to-
pography of the ground surface was generated (Figure 4.2). The highest elevation is located in the peak
of Lousberg (274 m.a.s.l.). The lowest elevation is located in the northeastern corner of modeling area
(141 m.a.s.l.). The southwestern part of central Aachen City has frequently changed surface relief with
low hills and valleys, whereas toward the northeastern part, it gradually turns flat.
4.3 Fault Plane Construction
The main fault system in the Aachen City area consists of the Cenozoic normal fault system and the
Variscan thrust fault system. The Variscan thrusts are so old (between 336 and 300 Ma) that they
only have impact on the Paleozoic bedrocks in the Aachen City. Seldom drilling records collected in the
current study represent the striking and dipping direction of the bedrock and the Variscan thrusts. The
stratifications of Carboniferous and Devonian bedrocks are represented in the available hydrogeological
cross-section map as broad strips in less than 200 m depth (Wimmer et al., 2003). For this reason, the
Variscan fold and thrust belt in the Aachen City is modeled by digitizing the geological borders in the
hydrogeological cross-section map.
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In contrast to the Variscan thrust, the major Cenozoic Laurensberg normal fault could be identified
in the shallow geological maps at 1 m, 2 m and 5 m depth (Figures 3.4, 3.5 and 3.6). For the mod-
eling of the Paleozoic bedrock, as well as the Cretaceous and Quaternary sediments, the impact of the
Laurensberg fault is considered. The plane of the SE-NW Laurensberg fault could be reconstructed via
direct triangulation through associating three polygonal lines of the trace of this fault digitized from the
1 m, 2 m, and 5 m depth geological maps. The nodes on the polygonal lines were densified to be with
interval of 30 m to improve the mesh quality of the fault plane. The triangulation is actually performed
on these nodes. The dipping direction of the Laurensberg fault in the model is simplified to be a constant
degree since in the shallow depth the influence of the dipping direction is not so obvious. The plane of
the Laurensberg fault is shown in Figure 4.2.
The Laurensberg fault separates the modeling area into two fault blocks (hanging wall and footwall),
which are limited by the faults and the margins of the modeling area (Figure 4.2). The distributions
of the Upper Cretaceous rocks are totally heterogeneous in both blocks. Due to the interruption of the
Laurensberg fault on the sedimentary sequence in the hanging wall and footwall, in the current study,
the geological boundaries are constructed individually in each block.
Figure 4.2 shows the outlined framework of the resulting 3-D geological model. The top of the model
is setup as the topographic map of the Earth’s surface, which is dimensioned as a 4 km by 4 km square
area from (2504000 m, 5624000 m) to (2508000 m, 5628000 m) with diverse height values. The base of
the model is setup as the top boundary of the Paleozoic basement, which is also dimensioned as a 4 km
by 4 km square area from (2504000 m, 5624000 m) to (2508000 m, 5628000 m) with diverse height values.
4.4 Modeling of Top Boundaries of Quaternary and Cretaceous
Units based on Geostatistic Analysis
4.4.1 Spatial Distribution of Geological Formations
The spatial distribution of each geological formation in the inner Aachen City area is derived from the 2-D
geological maps at 1 m, 2 m and 5 m depth (Figures 3.4, 3.5 and 3.6), as well as the descriptions of the
subsurface conditions (Dieler, 1963). The aim is to distinguish the geological border of each formation to
confine each geological unit within its own area and to avoid abnormal contact between the units. The spa-
tial distributions of the Quaternary and Cretaceous units described in Table 4.1 are elaborated as follows:
The Quaternary deposits are distributed almost over the whole modeling area according to the drilling
records. However, based on the current drilling records, it is not able to distinguish the exact boundaries
between back filled soils, Holocene units and Pleistocene units. Thus, the Quaternary deposits will be
modeled as a single geo-body, which is confined within the Earth’s surface and the top of the Cretaceous
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Figure 4.2: Overview of the thickness of the 3-D geological model. Topographic map of ground surface as
top of the 3-D model is colored by the height value. The corner points of the topographic map are indicated
by four yellow dots and their x, y, z coordinates. In the vertical direction, the scale is 10 times exaggerated.
rocks.
The basal unit of the Cretaceous period is the weathering product of the Paleozoic bedrocks. This
weathering layer is distributed over the whole modeling area with different thickness, which is confined
with the base of the Upper Cretaceous rocks and the top of the Paleozoic bedrocks.
Since the entire Aachen region was exposed to erosion, only some Cretaceous units are preserved in
the inner Aachen City and their distributions are not continuous (Breddin et al., 1963). The spatial
distributions of the residual units are shown below.
The basal unit of the Late Cretaceous period is the Hergenrath Member. In the hanging wall of the
Laurensberg fault the Hergenrath Member is distributed continuously over almost all of the area. In
the footwall of the fault this member is preserved mainly in the area of Lousberg and RWTH Aachen
University, Main Railway Station and Burtscheid. The distribution is shown in Figure 4.3.
Overlying the Hergenrath Member formed the Aachen Sand Member in Santonian. In the hanging
wall of the Laurensberg fault the Aachen Sand Member is almost continuously distributed but eroded
in somewhere as shown in the blank part in Figure 4.4 near the fault. In the footwall of the fault this
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Figure 4.3: Spatial distribution of the Hergenrath Member in the inner Aachen City
member is only found in the Lousberg area.
For the Upper Cretaceous units the Hergenrath Member and the Aachen Sand Member are preserved
in larger area than other units. The Vaals Formation in the Campanian is distributed sparsely in the
hanging wall of Laurensberg fault, while in the footwall of the fault it is distributed only in the Lousberg
area above the Aachen Sand Member. The Gulpen Member is only found in the Koenigshuegel area (the
blank area in the hanging wall of the normal fault between northing coordinates of approximate 5625900
m and 5626850 m in Figures 4.3 and 4.4). The Orsbach Member is only found in the West Railway Station
area and the Vetschau Member is only found in the Lousberg area above the Vaals Formation. The actual
distribution of these units will be shown in the resulting 3-D geological models in the following Section 4.6.
3-D geo-body of each geological unit is confined within a top boundary and a base boundary. The top
boundary of one geological unit is also the base boundary of the unit placed above it. Thus, for the 3-
D geological modeling of the inner Aachen City, the top boundary of each geological unit will be modeled.
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Figure 4.4: Spatial distribution of the Aachen Sand Member in the inner Aachen City
Based on the description of the subsurface of Aachen region and the available geological cross-section
maps, the top boundaries of some geological units in the subsurface of Aachen City are flat-bedded
without significant spatial variability due to erosion (Dieler, 1963), and some units have less drilling ev-
idences to reveal their relief. Therefore, geostatistical analysis will be performed to estimate the spatial
distribution of top boundaries of Hergenrath Member and Aachen Sand Member, whose top boundaries
are demonstrated to be with distinct spatial variability based on the geological cross-sections and the
elevation values from the borehole database. Due to the long-term erosion during the Mesozoic period
and the deformation of the Laurensberg fault, the spatial distributions of the two members vary in the
hanging wall and footwall. For the Hergenrath Member, the top boundaries in the Lousberg area and in
the hanging wall of the Laurensberg fault are with gentle relief, which could be modeled through direct
triangulation. For the Aachen Sand Member, the distribution in the Lousberg area is confined with top
boundary with gentle relief, which could be modeled through direct triangulation too. Thus, geostatisti-
cal analysis will be performed for the top boundaries of Hergenrath Member in the Main Railway Station
area and Burtscheid area in the footwall of the Laurensberg fault (Figure 4.3), as well as top boundary of
Aachen Sand Member in the hanging wall of the Laurensberg fault. For the other geological units with
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no obvious spatial variability for the relief of the top boundary, direct triangulation by using geological
border and several elevation points will be performed to model these boundaries.
To date, the different approaches to 3-D modeling have been selected based on the nature of the
project and the availability of data. In the Aachen project, the borehole data are of the most importance
and of the great quantity. Thus, the Aachen model is created based on a structural surface model con-
sisting of a set of stratigraphic surfaces with reliable contacts and positions.
Originally, geostatistics was synonymous with Kriging, which is a statistical version of interpolation.
In recent years, the term of geostatistics is broadened to encompass some deterministic interpolation
methods. Geostatistics is divided into two distinct tasks: quantifying the spatial structure of the data
via semivariogram and producing a prediction. The spatial variability of the top boundaries of the Her-
genrath Member in Main Railway Station area, in Burtscheid area, and the Aachen Sand Member in
hanging wall of the Laurensberg fault will be analyzed and predicted following a geostatistical approach
(Figure 3.10).
4.4.2 Data Exploration
Figure 4.5 shows the geological border and sampled elevation point datasets representing the top bound-
aries of the Hergenrath Member in Main Railway Station area, in Burtscheid area and the Aachen Sand
Member in the hanging wall of the Laurensberg fault in the modeling area.
The descriptive statistics of the elevation values of the top boundaries of the two members are pre-
sented in Table 4.2. The mean value and the standard deviation are different with each other for the two
members distributed in three different areas. Thus, the spatial variability for the Hergenrath Member in
Main Railway Station area, in Burtscheid area and the Aachen Sand Member in the hanging wall of the
Laurensberg fault should be analyzed separately.
Table 4.2: Statistics of the height values of top boundaries of the Hergenrath Member and the Aachen
Sand Member
Member Distribution Area Amount of sam-
pled data from
borehole database
Mean Value of the
Height (m.a.s.l.)
Standard Devia-
tion of the Height
(m.a.s.l.)
Hergenrath
Main Railway Station 131 192.82 8.034
Burtscheid 128 209.44 9.955
Aachen Sand Hanging wall of the
Laurensberg fault
202 205.44 11.671
The elevation point datasets representing the relief of the top boundaries of the two members read
from drilling records were plotted in a 3-D space, and then projected onto the perpendicular XZ and YZ
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Figure 4.5: Geological borders and sampled point sets of the top boundaries of the Hergenrath Member
in Main Railway Station area, in Burtscheid area and the Aachen Sand Member in the hanging wall of the
Laurensberg fault.
planes to identify the trend along the two directions in order to check if the data can fulfill the second
order stationary assumption of the Kriging interpolation. The projected point data of top Hergenrath
Member in Main Railway Station area exhibit an obvious slope shape on both XZ and YZ planes. Thus,
a second-order polynomial is fit to calculate this trend. The projected point data of the top Hergenrath
Member in Burtscheid area exhibit an obvious slope shape on YZ plane and an almost horizontal line on
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XZ plane, which means a first-order polynomial can calculate this trend. The elevation data of the top
Aachen Sand Member in the hanging wall of the Laurensberg fault exhibit an obvious valley shape on
both XZ and YZ planes, which indicates that a third-order polynomial is fit to this dataset.
As been described in Section 3.3.3, the trend in the elevation point dataset is non-random and can
be represented by mathematic formulas with no need of Kriging estimation. Thus, the trend should be
eliminated from the sampled elevation point dataset prior to variability analysis. The remained elevation
point dataset is called residual dataset. The three residual datasets are following the second order sta-
tionary hypothesis and variogram analysis will be employed on the stationary residual datasets.
4.4.3 2-D Variogram Analysis
Variogram surfaces of the residual dataset of the Hergenrath Member in Main Railway Station area, in
Burtscheid area and the Aachen Sand Member in the hanging wall of the Laurensberg fault are shown
in Figure 4.6. Anisotropic or isotropic feature of the sampled dataset can be seen from the variogram
surface. The sign “N” on the color-map of semivariance (right column of the figures) indicates the
covariance value. The decision of the lag distance and number is somewhat arbitrary. Because of the
irregular distribution of boreholes, it is not expected to find many pairs of data values separately by exact
distance. It is suggested by some experts that the longest auto-correlated distance is equal to the half
longest distance between two samples (Wang, 1999). Here the lag tolerance was used, pooling the data
pairs with separation distances between lag distance - lag tolerance and lag distance + lag tolerance. In
Figure 4.6, the variability of relief of the three boundaries is definitely anisotropic. In this situation, two
representative directions (trigonometric angle) representing the maximum continuity and the minimum
continuity were detected. The maximum continuity is along the direction that the fluctuation of semi-
variogram values is very gentle. The minimum continuity means that along the direction the fluctuation
of semivariogram values is very rapid. Normally the two directions are perpendicular. In Figure 4.6
the directions of maximum and minimum continuities are indicated by solid line and dashed line in the
surfaces and listed in Table 4.3.
Then directional variograms were conducted in order to find theoretical models to mathematically
describe the variability. The fitted models and their functions are shown in Figure 4.7 and the parameters
of the models are listed in Table 4.3. Each point of the directional variogram represents a measure of
spatial continuity that summarizes the semivariogram values for a separation vector h. The number of
pairs separated by the vector h is shown above the semivariance point in Figure 4.7. The maximum
continuity direction with long range, as well as the minimum continuity direction with short range will
be used in Kriging interpolation to define the neighborhood limit as shown in Figure 3.14. The two
theoretical models will be used to calculate the weights of neighbored samples for an individual geological
boundary.
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Figure 4.6: Variogram surfaces of elevation dataset of the top boundaries of the Hergenrath Member in
Main Railway Station area (a), in Burtscheid area (b) and the Aachen Sand Member in the hanging wall of
the Laurensberg fault (c).
The understanding of the primary variogram behavior is as follows:
1) The spatial correlation decreases with separation distance until the range at which no spatial
correlation exists. Although the correlation range depends on distance, the nature of the decrease in
correlation is often the same in different direction. For an individual geological boundary in the study,
the correlation reaches the same magnitude at different ranges, which is called “geometric anisotropy”.
2) Based on the variogram analysis of the sampled elevation point dataset of the top boundary of
the Hergenrath Member in the Main Railway Station area, the spatial variability of the elevation data is
anisotropic. With the aid of the variogram surface, the maximum continuity is along the direction 22.5
and the minimum continuity is along the direction 112.5 (Figure 4.6(a)). The covariance is existed and
the value is 5.33. Directional variogram was conducted along the two directions and the Spherical model
is fitted to the two variograms (Figure 4.7(a,b)). Thus, the ellipse for searching the neighbouring points
for Kriging estimation at an un-sampled position is fixed. The long axis of the ellipse is along direction
22.5 with the radius of 310 m. The short axis of the ellipse is along direction 112.5 with the radius of 95
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Figure 4.7: Directional variograms (dots) and theoretical models (solid lines) for Kriging estimation of the
top boundary of the Hergenrath Member in the Main Railway Station area (a,b), the Hergenrath Member
in the Burtscheid area (c,d) and the Aachen Sand Member in the hanging wall of the Laurensberg fault
(e,f). The dashed line indicates the covariance value. The function for each theoretical model is shown
correspondingly in each figure.
m. The selection of the two significant continuities is corresponding to the local topography and the sed-
imentation. The shape of the geological border is almost an ellipse and the long axis is along the NE-SW
(Figure 4-5). Along the long axis the elevation values change gently and along the short axis (NW-SE)
the elevation values change rapidly. The topography of the Earth’s surface within this geological border
is a saddle shape and the elevation values change more rapidly along the NE-SW direction than along
the NW-SE direction (Figure 3.3).
3) Based on the variogram analysis of the sampled elevation point dataset of the top boundary of the
Hergenrath Member in the Burtscheid area, the spatial variability of the elevation data is anisotropic.
Through the variogram surface, the maximum continuity is along the direction 90 and the minimum
continuity is along the direction 0 (Figure 4.6(b)). The convariance is existed and the value is 8.65.
Directional variogram was conducted along the two directions and the Spherical model is fitted to the
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Table 4.3: Theoretical variogram models used to quantify the structural characteristics of geological bound-
aries
Model for Kriging estimation of the top
boundary of
Theoretical
model
Sill Max.
dir.
Long
range
(m)
Min.
dir.
Short
range
(m)
Hergenrath Member in the Main Rail-
way Station area
Spherical 5.33 22.5 310 112 95
Hergenrath Member in the Burtscheid
area
Spherical 8.65 90 432 0 192
Aachen Sand Member in hanging wall
of the Laurensberg fault
Spherical 25.8 35 629 125 198
two variograms (Figure 4.7(c,d)). Thus, the ellipse for searching the neighbouring points for Kriging
estimation at an unsampled position is fixed. The long axis of the ellipse is along direction 90 with the
radius of 432 m. The short axis of the ellipse is along direction 0 with the radius of 192 m. The height
of the ground surface in the Burtscheid area decreases from south to the north, which is corresponding
to the direction of the maximum continuity.
4) Based on the variogram analysis of the sampled elevation point dataset of the top boundary of the
Aachen Sand Member in the hanging wall of the Laurensberg fault, the spatial variability of the elevation
data is anisotropic. Through the variogram surface, the maximum continuity is along the direction 35
and the minimum continuity is along the direction 125 (Figure 4.6(c)). The convariance is existed and
the value is 25.8. Directional variogram was conducted along the two directions and the Spherical model
is fitted to the two variograms (Figure 4.7(e,f)). Thus, the ellipse for searching the neighbouring points
for Kriging estimation at an unsampled position is fixed. The long axis of the ellipse is along direction
35 with the radius of 629 m. The short axis of the ellipse is along direction 125 with the radius of 198 m.
It is indicated in Figure 4.2 that in the hanging wall of the Laurensberg fault some valleys are existed.
The two significant directions are corresponding to the directions of these valleys.
4.4.4 Kriging Interpolation and Cross-Validation
Universal Kriging method is suitable to predict variable which has known trend and unknown regression
coefficients of the trend function (Deutsch, 2002). The Kriging interpolation was performed via ArcGIS
Geostatistic Analyst Tool (Johnston, 2004). The two theoretical models describing the spatial structures
of the two representative directions of continuity for the sampled elevation points of each geological
unit (seen in Figure 4.7 and Table 4.3) were adopted in the Kriging interpolation. And then cross-
validations were performed respectively to evaluate the capability of theoretical models to prediction.
For the adopted two theoretical models that provide accurate predictions, the mean error should be close
to 0, the root-mean-square error and average standard error should be as small as possible (this is useful
when comparing models), and the root-mean-square standardized error should be close to 1 (Johnston,
2004). Due to the existence of trend in the dataset, Universal Kriging method was conducted here. The
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universal kriged estimates of the elevation relief of the top boundaries of the Hergenrath Member in the
Main Railway Station area, Burtscheid area and the Aachen Sand Member in the hanging wall of the
Laurensberg fault over the study area are shown in Figures 4.8, 4.9, and 4.10, respectively. The removed
trend has been added back to the final kriged surface. The statistics of the predicted errors for the three
analyzed top boundaries are shown in Table 4.4.
Figure 4.8: Prediction map for the height of the top boundary of the Hergenrath Member in the Main
Railway Station area
4.4.5 Geological Boundary Construction and Refinement
The kriged maps have been rasterized with cell size of 30 m (Figures 4.8, 4.9, 4.10), and the height data
with x, y, z coordinates at the center of each cell was extracted from the raster files and imported to the
Gocad 3-D geomodeling software. To pursue a homogeneous mesh density, the nodes on the geological
border were setup with equivalent distance as the border limit of the triangulate. The workflow for con-
structing the 3-D top boundary of the Hergenrath Member in the Burtscheid area in Gocad is shown in
Figure 4.11. Firstly, the 2-D border of a geological unit with an arbitrary height value and kriged height
points within the border were put into a 3-D space (see Step 1 in Figure 4.11). Then, a flat surface was
triangulated within the 2-D border (see Step 2 in Figure 4.11). Thirdly, the kriged height points were
setup as constraint point dataset, which means the relief of boundary will be fit to these points (see Step
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Figure 4.9: Prediction map for the height of the top boundary of the Hergenrath Member in the Burtscheid
area
Figure 4.10: Prediction map for the height of the top boundary of the Aachen Sand Member in the hanging
wall of the Laurensberg fault
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Table 4.4: Statistics of the predicted errors through cross-validation
Prediction errors
For Kriging estimation of top
boundary of
mean Root-mean-
square
Average
standard
Mean stan-
dardized
Root-mean-
square stan-
dardized
Hergenrath Member in the Main
Railway Station area
-0.011 1.596 1.668 0.0036 0.9369
Hergenrath Member in the
Burtscheid area
-0.008 1.431 1.805 0.0001 1.118
Aachen Sand Member in the
hanging wall of the Laurensberg
fault
0.0461 3.03 2.8 0.01748 0.946
3 in Figure 4.11). Discrete Smooth Interpolator (DSI) was performed in Step 3 to generate an initial
geological boundary with relief depending on the kriging points and good mesh quality. Fourthly, the
measured sample points were set up as height control nodes of the geological boundary. To ensure the
shape of the border limit, a group of the vertical stick set on each equidistant node of the geological bor-
der was setup as line constraint, which allows a node on the border to move only along the vertical stick
during the DSI performances. Finally, the DSI was performed again to force the geological boundary fit
to the measured points within the border limit (see Step 4 in Figure 4.11). DSI was proposed by Profes-
sor Jean-Laurent Mallet and it is the core algorithm of Gocad for any geological boundary construction
(Mallet, 1989).
4.4.6 Structural Model of Geological Boundaries of the Quaternary and Cre-
taceous Units
Within the constraint of geological borders, the top boundary of each geological unit was constructed
through geostatistic analysis (top boundary of Hergenrath Member in Main Railway Station, in the
Burtscheid area and the Aachen Sand Member in the hanging wall of Laurensberg fault) or direct trian-
gulation (other boundaries without obvious spatial variability). Figure 4.12 shows the structural model
of all important geological units in the modeling area. The thickness of the resulting 3-D geological model
is from 36.94 m to 124.45 m in the hanging wall of the Laurensberg fault and from 1.92 m to 123.35 m
in the footwall of the Laurensberg fault.
A volumetric geobody in the Aachen model was constructed through the combination of the top
boundary and base boundary of a geological unit. Thus, a structural model is essential because during
this process the non-natural intersections will be inspected. Logically, the top boundary of a unit is the
base boundary of the overlying unit. Following this rule, volumetric model will be constructed.
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Figure 4.11: Detailed workflow for geological boundary construction by dense height points in Gocad
4.5 The Paleozoic Bedrock System Construction
Beneath the Mesozoic sediments the deformed Carboniferous rocks (Westphalian A formation, Namurian
formation and Dinant formation) and Devonian rocks (Famennian formation and Frasnian formation)
are presented. The behavior of the fold and thrust belt is not available since cross-section maps are not
deep enough to distinguish the dip, azimuth and axis of folds. Most of the drilling works didn’t reach the
bedrock in the hanging wall of the Laurensberg fault because of the shallow drilling depth. In the footwall
of the Laurensberg fault the borehole records are able to depict the relief of the top boundary of the
Paleozoic bedrocks. For these reasons, the bedrock system in the current research is not modeled. Only
the repetition of these formations revealing in the top boundary of the Paleozoic basement is modeled
through digitizing the borders of rock layers from cross-section maps (Wimmer et al., 2003) and then
constructing the top boundary of each formation via TIN surface. It is presumed that the relief of the
top boundary is gentle, which is reasonable here because the top of the bedrock was weathered and then
eroded.
Figure 4.13 shows the geological borders of bedrock formations, in which the repetition of the bedrock
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Figure 4.12: Structural model of the modeling area without topographic map of the Earth’s surface
formations and the interruption of the Laurensberg fault are revealed.
As shown in Figure 4.13 the borehole records of bedrock are almost absent in the hanging wall of the
Laurensberg fault since the bedrocks are buried so deep in this area that the boreholes for civil engi-
neering didn’t reach them. Thus, the top boundary of the basement in the hanging wall was constructed
from the height points digitized from cross-section maps; in the footwall they were TIN surfaces through
DSI method. Figure 4.14 shows the top boundary of each bedrock formation. In the hanging wall of the
Laurensberg fault, the bedrocks are buried approximately 25 m to 35 m deeper than in the footwall area.
4.6 Results and Discussion
4.6.1 3-D Volumetric Model and the Geotechnical Behavior of Each Unit
For the Aachen model, volumetric model for each geological unit was constructed separately. This process
allows to analyzing the geotechnical behavior of each desired unit. Figure 4.15 shows the complete 3-D
volumetric model of the central Aachen City from four perspectives. The spatial orientation of the model
is indicated by means of locations of Lousberg, Koenigshuegel and Burtscheid in the following figures. The
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Figure 4.13: The repeated distribution of the geological borders of Paleozoic basement
Figure 4.14: Distribution and relief of top boundary of each bedrock formation in the modeling area
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resultant model is a real 3-D, consistent, informative and cell-based model. From the resultant model,
a lot of derivative models, cross-sections or maps can be generated. For example, each geological unit
could be individually presented and analyzed; geotechnical model could be generated through assigning
properties to cells of geological unit; interpolation of properties with an individual unit is more continuous
and reliable; the volumetric model can be cut along any direction, thus the distribution of geological or
geotechnical information could be shown to the end users. In the footwall of the Laurensberg fault the
upper Cretaceous rocks were eroded in larger area, thus the bedrocks were outcropped directly under the
Quaternary deposits over large area.
Figure 4.15: Resultant 3-D volumetric model of the inner Aachen City
Spatial distributions of modeled units are visualized in the 3-D model (Figure 4.15). The stratigraphy,
relationship, and engineering properties of each unit are described chronologically from old to young in
details as follows:
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1) Depth of Variscan basement to the Earth’s surface
One of the essential information of bedrock model for civil engineering usages is its depth to the
current ground surface. Figure 4.16 shows the contour map of the depth of top boundary of the Variscan
basement to the Earth’s surface. Due to the interruption of the Laurensberg fault, the depth of bedrock
in the hanging wall and footwall of the fault is different. In the footwall of the Laurensberg fault (without
the Lousberg area), both ground surface relief and bedrock surface relief are gentle, thus the depth value
is gentle. In this area, the basement is close to the Earth’s surface with depth of less than 10 m in most of
the area. The top boundary of basement in the hanging wall of the normal fault doesn’t change rapidly.
In this area, the basement is buried from 40 m to 120 m to the Earth’s surface.
Figure 4.16: 2-D depth map of the top boundary of Variscan basement to the Earth’s surface
2) Weathering layer of the Variscan basement
The uppermost part of the Variscan basement was weathered and eroded during the Cretaceous pe-
riod. The weathering layer is distributed over the whole modeling area. Due to the repetition of the
Paleozoic bedrocks, the physical property of the weathering layer is heterogeneous. The weathering layer
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has already experienced large preload from the previous overlying, late-eroded layers of the Upper Creta-
ceous rocks (Dieler, 1963). Thus, the thickness is diverse in the whole modeling area. The relief of the top
boundary of the weathering layer in the hanging wall of the Laurensberg fault and in the Lousberg area
is almost a peneplain and the thickness of this layer is from 2 m to 4 m. In the southeastern part of the
modeling area the relief is gently changed and the thickness is much small. In some places, the thickness
of the weathering layer is less than 2 m or totally eroded. In the places where the thickness is equal to
zero, the volumetric model is actually a piece of paper, which means the top and bottom boundary are
superimposed.
The thickness of the weathering layer is assigned as a property to the cells of the 3-D geological unit,
shown in Figure 4.17. For visualizing the physical property like thickness of a layer, the property is
unique at one location. Thus, the vertical direction of the volumetric model should not be subdivided to
represent the variation along the depth. However, for interpolation of other properties, e.g. soil fraction,
the vertical direction should be subdivided to several parts to be able to represent the heterogeneity of
analyzed property along the depth.
Figure 4.17: 3-D thickness map of the weathering layer
3) Hergenrath Member
The Hergenrath Member lying over the weathering layer of the Variscan basement is the bottom layer
of the Upper Cretaceous rocks in the inner Aachen City. The Hergenrath Member is widely but not
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continuously distributed in the hanging wall of the Laurensberg fault, the Lousberg area and partially in
the Burtscheid area (Figure 4.18). In the hanging wall of the Laurensberg fault, the Hergenrath Member
is bedded widely and is from 28 m to 66 m thick. In some area, the Hergenrath Member overlaps the
later deposited Aachen Sand Member. Right under the Lousberg, it has the largest thickness of about 40
m. The geological unit of the Hergenrath Member around the Main Railway Station has thickness from 1
m to 25 m. The geological unit of the Hergenrath Member in Burtscheid area has thickness from 1 m to
6 m. The Hergenrath Member was then overlain by the thick upper Cretaceous rocks, thus representing
a more solid building foundation than the never-preloaded Quaternary deposits.
Figure 4.18: 3-D distribution of the Hergenrath Member in the inner Aachen City
4) Aachen Sand Member
The Aachen Sand Member is distributed widely in the hanging wall of the Laurensberg fault and in
the area of Lousberg (Figure 4.19). The Aachen Sand Member consists of homogeneous grain structure
of whitish or pale brown fine sand with thin layers of sandy silt and sandy clay. The pure sand is a
reliable building foundation without requiring soil investigation. The risk of the Aachen Sand Member
as a foundation soil lies in the decimeter silty layer, which is more sensitive than the enforcement sand
(Dieler, 1963).
5) Vaals Formation
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Figure 4.19: 3-D distribution of the Aachen Sand Member in the inner Aachen City
The overlying yellowish brown Vaals Formation is distributed mostly in the area of Lousberg and
sparsely in the western part of the Aachen City (Figure 4.20). Its grain structure is very similar to the
Aachen Sand Member. However, the geotechnical property of Vaals sand differs from the finer sand and
it has no silty layer. In the western part of Aachen, the Vaals sand turns to a more greenish tinge through
the glauconite condition. The friably ferric sandstone is sometimes formed in the Vaals Formation.
Both Aachen Sand Member and Vaals Formation were preloaded by younger, later re-eroded upper
Cretaceous marl, limestone, and flint stone, through which their geotechnical characteristics differ from
those of glacial sand and silt.
6) Gulpen marly limestone
The Gulpen marly limestone formed as the building foundation at the western and southern slope of
Koenigshuegel (Figure 4.21). The bearing capacity of Gulpen marly limestone is lower. However, spec-
ifying the bearing capacity of Gulpen marly limestone is not easy due to the extraordinarily changing
rock types.
7) Vetschau and Orsbach member
The Vetschau member is mostly distributed on the top of Lousberg, whereas the Orsbach member is
mostly distributed on the top of Koenigshuegel (Figure 4.21). The Orsbach limestone with interlayer of
rich flint stone has a high load capacity value of 5 kg/cm2 to 10 kg/cm2, qualifying it as a rock related to
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Figure 4.20: 3-D distribution of the Vaals Formation in the inner Aachen City
excavation (Dieler, 1963). On the Lousberg, the thickness of Vetschau marly limestone with single layer
flint stone is only 1 m to 5 m.
8) Quaternary deposits
The borehole records of Quaternary deposits are spread over the entire modeling area except the hill
of Lousberg (Figure 4.22). The most known soil type of the Quaternary deposits is the loess, which occurs
primarily as alluvial loess in the Aachen City area. Under the influence of groundwater, the loess is gray
and manifests stronger cohesion. The flood plain of the loess covers the northern part of the Aachen City,
which is not very favorable for the building foundation. Flint stone-interspersed clay and clayey gravel
with flint stone are often formed under the alluvial loess, which can reach several meters. On the southern
slope of Lousberg, they form 1 m to 2 m depth of subsoil. The valley-clay occupies a considerable part
of the subsoil of the central Aachen City, which consists of very loose, humus-rich, fine sandy silt, and
silty clay. In general, the valley-clay has a thickness of 2 m to 3 m. The dominant foundation in the
valley-clay area is the pile foundation as a result of high water content and lower bearing capacity.
The resultant 3-D geological model of the inner Aachen City (Figure 4.22) can also be shown as
geological cross-section maps along any desired directions and paths. Figure 4.23 shows some geological
cross-sections cut from the Figure 4.22. The geology in the depth direction can be visualized more clearly
in the cross-sections.
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Figure 4.21: 3-D distribution of the Gulpen Member, Orsbach Member and Vetschau Member in the inner
Aachen City
Figure 4.22: 3-D distribution of the uppermost deposits of the modeling area, the Quaternary deposits
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Diverse geotechnical parameters can be assigned to the resultant 3-D geological model based on the
geological units and visualized as the cross-sections. Figure 4.24 shows the distribution of the bearing
capacity (Dieler, 1963) in the inner Aachen City for the construction works.
For each geological formation, the geotechnical parameter of the bearing capacity is assigned as a
unique value in Figure 4.24. This is one popular way of 3-D attribution modeling in the field of the
geological engineering and geotechnical engineering. Through assigning geotechnical parameters to the
3-D geological model, the end users can know all of the available parameters at any position. The combi-
nation of 3-D geological and attribution model can effectively save the budget and time for construction
works.
Figure 4.23: Geological cross-sections derived from the 3-D geological model
79
4. THREE-DIMENSIONAL GEOLOGICAL MODELING OF AACHEN CITY
Figure 4.24: Cross-sections attributed by bearing capacity parameter
4.6.2 Uncertainties Assessment
Uncertainty is inherent in any 3-D geological model due to the indirect vision and inadequate informa-
tion of the subsurface conditions. Uncertainty modeling can provide a way of visualizing the differences
between a digital representation and the real phenomenon. Many 3-D geological modeling processes are
used to as a basis for making important decisions, such as planning the site investigation, characterizing
the site, and simulating the groundwater flow. The decision-maker needs to be able to know the accuracy
or uncertainty of the model, in other words, to know how much the geological model can be trusted.
The first and critical step to quantify uncertainty of a geological model is to identify the causes of
uncertainty and secondly to consider their relationship. This is usually done by using a cause and effect
diagram known as Ishikawa or fishbone diagrams (Kindlarski, 1984). Uncertainty in geology or geotechni-
cal properties can be grouped into random (aleatory) and subjective (epistemic) uncertainty. The random
uncertainty represents the natural randomness of a property and is a function of the spatial variability
of the property. This type of uncertainty cannot be reduced or eliminated. The subjective uncertainty
results from a lack of information and shortcomings in measurement and calculation (Lacasse and Nadim,
1996). Sampling uncertainty is present since the parameters are estimated from a limited set of data,
while testing uncertainty is due to imperfections of an instrument or of a method to register a quantity
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or limited profession of the field workers. The subjective uncertainty can be reduced by collecting more
information for modeling or improving measurement methods. Human error would be considered as a
third source of uncertainty, however, as it is difficult to isolate, its effects are usually included in compila-
tions of statistics on the random uncertainty. So the sources of uncertainties associated with the Aachen
model were explored from the two aspects. Figure 4.25 shows all of the contributory uncertainty factors
to the 3-D geological model of the inner Aachen City, which can be held as a conceptual model in the
geologist’s view of the true Aachen geology.
Figure 4.25: Cause and effect diagram for uncertainty in the 3-D geological model of inner Aachen City,
modified after Culshaw (2005)
Within the sources in the cause and effect diagram, the principal sources of uncertainty have been
identified. The data used for 3-D model generation are borehole records, 2-D geological maps and
cross-sections. The quality of borehole records was detected during the data management process, the
heterogeneous and poor quality records were removed prior to modeling. Therefore, the uncertainty
caused by borehole records is primarily from data density. The 2-D geological maps of 1 m, 2 m and 5
m depth were revised at least three times and the version used in the current study was finished in 2011.
However, the geological cross-sections were mainly finished in the 1960s, which have less reliability than
the geological maps. The geological complexity (variability of the geology) is a factor contributing to
uncertainty in the geological boundary with rapid changing relief. In the current research, top boundaries
of the Aachen Sand Member in the hanging wall of the Laurensberg fault, Hergenrath Member in the
Main Railway Station area, and Hergenrath Member in the Burtscheid area have complex relief. The
most important modeling process is the geostatistical analysis for predicting the relief of these boundaries.
The quality of Kriging interpolation is directly related to the geological complexity, since the quality of
interpolation will be improved if the variability of geology is low. Thus, the uncertainty caused from the
geological complexity and interpolation can be considered together. For these reasons, two main sources
of uncertainties, i.e. data density and geological complexity will be estimated separately as follows.
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The conceptual rules that express the relationship between sources and uncertainty can be summarized
as follows: (1) if the data density is high, then uncertainty is lower (or vice versa); (2) if the geological
complexity is low, than the uncertainty is lower (or vice versa).
Data density
For the three interpolated geological boundaries, the optimal one was used for final volumetric model.
Here, optimal means the mean error is the closest to zero and Root-Mean-Square error is the smallest. A
prediction standard error map was generated to show the distribution of prediction error for each location
in the surface, which is a useful way to investigate the predictive capability of the model, as it gives a
measure of the precision. The kriging prediction standard error is the square-root of the kriging variance,
which is the variation associated with the difference between the true and predicted value. Thus, it can
quantify the uncertainty of the prediction. The prediction standard error is related to the distance of
predicted value to the sample, unrelated to the specific elevation value. Therefore, it also reveals the
influence of data density on the prediction quality. The grid map of the prediction error of top boundaries
of Hergenrath Member in the Main Railway Station area, the Hergenrath Member in the Burtscheid area,
and the Aachen Sand Member in the hanging wall of the Laurensberg fault are shown respectively in
Figures 4.26, 4.27, and 4.28.
As shown in Figures 4.26, 4.27, and 4.28, the prediction standard error is turning smaller when the
estimated position closer to the sample points. In the area where the standard error is very high, in other
words, where the sample points are missing, the end user of the geological boundary can determine if it is
necessary to use this elevation data or add new measurements to improve the accuracy. The refinement
of the DSI process should be taken into account since the DSI improves the accuracy of the height values
around the sample points. Thus, the final standard errors are normally smaller than the values shown in
Figures 4.26, 4.27 and 4.28.
Geological complexity and prediction process
Key criterion for the uncertainty assessment is that the method is easy to understand by end users.
Kriging interpolation has a shortcoming from the smoothing effect, which results in small values being
overestimated, whereas large values being underestimated. A computationally intensive approach is used
here to overcome the drawback of the Kriging interpolation. This approach requires the model to be
calculated a number of times; each time a new group of training dataset is randomly obtained from the
overall samples. The result of each run of the model is stored and the distribution of results for the
repetitions will be representative of the uncertainty in the model. This process is complex and requires
considerable computing power and currently has little application to 3-D geological spatial models and
geotechnical data (Culshaw, 2005). In the present research, the strategy is that for a geological boundary
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Figure 4.26: Prediction standard error map for the estimation of Z Elevation of the top boundary of the
Hergenrath Member in the Main Railway Station area
Figure 4.27: Prediction standard error map for the estimation of Z Elevation of the top boundary of the
Hergenrath Member in the Burtscheid area
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Figure 4.28: Prediction standard error map for the estimation of Z Elevation of the top boundary of the
Aachen Sand Member in the hanging wall of the Laurensberg fault
produced by Kriging interpolation of borehole data, steps as follows were performed:
(1) Resample the borehole data used to interpolate a gridded surface;
(2) Each time interpolate a new surface by using the same best theoretical model demonstrated in
Section 4.4;
(3) Repeat step (1) and (2) for 20 times, defining a grid network for the surface and recording the
surface positions on the grid nodes for each interpolation;
(4) Measure the standard deviation at each gridded point resulting from the 20 times interpolations.
In statistics theory, standard deviation shows how much dispersion exists from the mean value. The
standard deviation is the square root of the variance, which is the average of the squared differences from
the mean value. For each grid node, the formula for standard deviation is:
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σ =
√√√√ 1
N
N∑
i=1
(zi − u)2
Where σ is the symbol for standard deviation, N = 20 is the repeated interpolation times, zi is the
elevation value from each interpolation, µ is the mean elevation value from 20 times.
The standard deviation of the 20 interpolations at each grid node was then calculated and the results
are mapped in Figures 4.29, 4.30 and 4.31.
Figure 4.29: The distribution of uncertainty caused by modeling process and geological complexity in the
top boundary of the Hergenrath Member in the Main Railway Station area
With regard to the issue of uncertainty assessment through Kriging interpolation, the standard devia-
tion map represents a way of assessing uncertainty caused by prediction process and geological complexity.
In the geologically complex area, several alternatives of the elevation value are provided and standard
deviation values allow for estimating the probable elevation within a given interval. As shown in Fig-
ures 4.29, 4.30 and 4.31, the standard deviation values are very small that they are in general less than
0.6. The result implies that the chosen variogram models can reflect the spatial variability of the samples.
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Figure 4.30: The distribution of uncertainty caused by modeling process and geological complexity in the
top boundary of the Hergenrath Member in the Burtscheid area
Figure 4.31: The distribution of uncertainty caused by modeling process and geological complexity in the
top boundary of the Aachen Sand Member in the hanging wall of the Laurensberg fault
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The construction of 3-D geological model for Aachen City has allowed visualization of the subsurface
that can form the framework for further studies, e.g. geotechnical modeling and site investigation. An
estimation of the uncertainty associated with the modeled geological boundaries can be used to iden-
tify where maximum uncertainty lies, and whether this uncertainty is within required limits for further
study or not. Additionally, the method used gives a clear visual expression of where the uncertainty in the
model occurs, which is of particular importance when communicating to stakeholders or non-professionals.
4.6.3 Discussion
Traditional 2-D applied geological maps were limited to convey information clearly in 3-D for preliminary
site appraisal and for developing regional strategies. Some depth information maybe included in the 2-D
maps, such as the geological map at depth of 1 m, 2 m and 5 m in the Aachen City. Such maps have
a very complex appearance, which impedes their use of non-geoscientists. The main shortcoming of 2-D
applied maps is that they are not able to portray comprehensive geometrical attribution and property
attribution of underground soil and rock materials. This limitation restricts the use of these maps in the
city areas where complex assemblages of superficial deposits existed. The Municipality and the LIH have
archived large quantities of geological information, much of which is in digital form. Data formats are
various, which are in the forms of geological map, borehole records, geological cross-sections, hydrogeo-
logical cross-sections and subsoil reports. How to present this information together when the stakeholder
points out a specific site? 3-D geological modeling following the presented approach can supply a solution.
Geostatistics is a predominant method applied during the whole 3-D geological modeling approach
for predicting the relief of the geological boundaries. Geostatistics is perfect to analyze the regionalized
variable, which falls in between the random variables and completely deterministic variables. Elevation
is one of the typical regionalized variables, since it exhibits spatial continuity and variability. The cross-
validation results demonstrate the capability of geostatistics in prediction of the elevation values.
Two quantified uncertainty assessments were described and performed in the 3-D geological model of
the inner Aachen City. One assessment is directly derived from the Kriging interpolation, which is the
prediction standard error, quantifying the uncertainty from data density. The other assessment is time
consuming, which is the standard deviation from resampling the points for Kriging interpolation. The
two uncertainties are suitable to be used in the further applications of the geological models, since they
are easy to be understood by the non-geologists.
The reliability of the resultant 3-D geological model relies heavily on the stratigraphical and litholog-
ical information from the borehole data, digital elevation models and the geological maps. Even though
the distribution of the borehole data are poor in some area, the presented prediction method and uncer-
tainty assessment show that valid geological information could be extracted from the data. Construction
of the 3-D geological model of the inner Aachen City has resulted in several new interpretations regarding
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the thickness, extent, and 3-D distribution of the important geological units, as well as the disturbance
of the Laurensberg fault on the top boundary of the Paleozoic basement and the Cretaceous formations.
In the current research, the developed 3-D subsoil model provides a basic geological framework for
further geotechnical modeling. The potential applications of the resulting model are discussed as follows:
1. Storage of attributions. The developed 3-D geological model is a combination of a large num-
ber of hexahedral elements. Each element is able to store geological, geotechnical, hydrogeological and
uncertainty attributions. Through the attribution model, the type of foundation soil, its depth to the
ground surface and to the groundwater table could be generated. In Figure 4.17, the thickness values
of weathered layer were added to the elements, thus, each element is painted by the values to directly
manifest the properties. Similarly, other attributions could be attached to the model and we could do
some calculations on the attributions.
2. Visualization of geological information and attributions. For the construction of railway or urban
road facilities, it is easy to obtain the cross-sections by cutting the model along user-chosen routes. In
the cross-section map, the interface of geological units and attributions of geological formations could
be visualized, which aids in selecting an economic and safe route. For the construction of important
infrastructure facilities with long-period duration, the site selection related to the safety and finance is
crucial. By means of the resulting 3-D subsoil model the engineers could firstly locate the geologically
suitable or stable sites for the government, and then slice the 3-D model to several transverse geological
maps at any depth to determine the foundation soil and depth.
The 3-D geological model of Aachen City has achieved the six challenges of the geomodellers in sub-
surface characterization research addressed in Rosenbaum (2003):
(1) The Representation Challenge: The complexity of the geological environment has been expressed
by the resulting model using the binary alphabet and a digital computer.
(2) The Cognition Challenge: The cognitive knowledge of the geology of Aachen has been transited
to a computational representation.
(3) The Uncertainty Challenge: The uncertainties of rapid changing geological surfaces have been
fully quantified and the uncertainty values were digitally represented.
(4) The Data Challenge: Increasing quantity of data have been collected and archived. The increasing
sophistication of the data content could be used to improve the results of variogram analysis, thus result
in a better portray of the geological surfaces.
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(5) The Simulation Challenge: The complexity of subsurface was simulated based on systematic geo-
statistics analysis.
(6) The Provider’s Challenge: The resulting model is easy to be used by non-geologists. Every
geological unit could be represented separately in stereo-perspective. For the civil and geotechnical
engineering usage, the 3-D geological model of Aachen City can contain, represent and analyze discrete
properties.
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5Three-dimensional Soil Fraction
Model of Quaternary Deposits
To comply with the principles of sustainable city development, developers are required to demonstrate
that proposals are worked out based on the best possible scientific information and analysis of risk. The
3-D geological model provides a framework on which spatial representation and interpretation of geotech-
nical data can be undertaken. In order to gain full value from the 3-D geological model of the inner
Aachen City, attribution of the model with geotechnical and hydrogeological parameters is necessary.
Soils can behave quite diversely with regard to their geotechnical characteristics. In coarse grained soils,
where the grains are larger than 0.06 mm (sand or gravel), the engineering behavior is influenced mainly
by the relative proportions of the different sizes, the shapes of the soil grains, and the density of packing.
In fine grained soils, where the grains are smaller than 0.06 mm (silt or clay), the mineralogy of the
soil grains, water content, etc. have greater influence than the grain sizes, on the engineering behavior
(Sivakugan, 2010). However, in the nature, soils are usually comprised of more than just one particle size.
The distribution of the fundamental mineral particle sizes in a soil mass is important, as it determines the
potential behavior of the soil. For example, the proportion of clay affects the fertility and physical condi-
tion of the soil and the ability of the soil to retain moisture. These features further influence shrink-swell
potential, saturated hydraulic conductivity (Ksat), plasticity and other soil properties. As a consequence
of this, attribution of percentages of different soil particles in engineering sense (gravel, sand, silt and
clay) in the 3-D geological model of the inner Aachen City is vital to generating 3-D geotechnical models
in the future. The particle diameters used in this study are based on the German standard DIN 4022,
that is, between 0-2 µm (clay), 2-60 µm (silt), 60-2000 µm (sand), 2000-63000 µm (gravel).
The 3-D soil (gravel, sand, silt and clay) fraction model will be focused on the Quaternary deposits
of the central Aachen City. Quaternary deposit is essentially paid more attention in the urban projects
for sand mining, for waste disposal and for water supply since it is a major factor controlling recharge
of bedrock aquifers, e.g. (Klint et al., 2006; Lelliott et al., 2006; Marache et al., 2009; Ross et al., 2004).
The upper limit (topographical ground surface) of the 3-D Quaternary model was created from the Aster
G-DEM data and the head height of boreholes. The bottom limit (top of the substratum) of the model
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was reconstructed by geostatistical methods. The difference between the upper and lower limits of the
model gives the thickness of Quaternary deposits.
In order to display the property changes along the vertical direction, here the SGrid object of the
Gocad is employed. An SGrid object is a 3-D Stratigraphic Grid that is fitted between two boundaries
to model a geological volume. An SGrid object can contain property values either at the centers or the
corners of its cells. The dimensions of the SGrid are defined by its origin, the three axes, the number
of points along each axis, and the three step vectors of each cell. Figure 5.1(a) illustrates the graphic
examples of an SGrid object, whose property is contained in the cell center. Figure 5.1(b) illustrates the
graphic example of an SGrid object, whose property is contained in the corner points of the cells.
Figure 5.1: Graphic examples of an SGrid object and its components (Paradigm, 2009)
In Figure 5-1, some terms are defined as follows:
Origin: The origin of the SGrid anchors the grid in space, which is similar to the origin of a coordinate
system. It is defined by its real world coordinates (x0, y0, z0).
u, v, w: The three axes of an SGrid are named u, v, and w. There is no specific naming convention as
to which one should be u, v, or w. In general, the depth axis is defined as w axis. The direction along
the long length of the horizontal plane is defined as u axis, and its perpendicular direction is v axis.
nu, nv, and nw: The number of grid points along the three axes.
step u, step v, and step w: The three vectors of an SGrid cell. These are vectors, not the coordinates
of three points.
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point u, point v, and point w: The real world coordinates of the end points of the three axes of an
SGrid. These are not vectors.
In the nature, the top boundary and bottom boundary of an SGrid are conformed to the relief of the
controlling surface. For every grid point (u, v, w) in the SGrid, Gocad maintains a record of its coordi-
nates (x, y, z) in the real world coordinate system too. The coordinate of a grid point in the SGrid object
cannot be calculated by simply using the original dimension values.
Another important component in the SGrid is the Section. A section in Figure 5.1 is a plane (not
flat) that is parallel to the other two axes of the SGrid. For example, a section on axis u is a plane that is
parallel to axes v and w. A section on a particular SGrid is defined by an axis and by a distance number,
which is the number of cell-lengths along the axis between the section and the origin of the SGrid. For
example, the section denoted by (u, 3) is the plane parallel to v and w, and whose distance from the
origin is three times the distance of step u. The section consists of all the grid points whose coordinates
are (3, v, w).
The 3-D model of the Quaternary deposits and the distribution of model thickness are shown in Figure
5.2. The model is subdivided to a 60 ∗ 60 ∗ 1 grid network. Thus, in this SGrid object, nu is equal to 61,
nv is equal to 61 and nw is equal to 2. In other words, the model is comprised of 3600 hexahedral cells.
The depth direction of the Quaternary deposit is not subdivided. Thus, the thickness value is actually
the height of each element.
The Quaternary deposits are absent in Lousberg area and the northwest corner of modeling area
where hard Orsbach limestone is distributed and not weathered. The thickness of Quaternary deposit
alters in the central Aachen city but in most areas it is less than 2.5 m. It is quite thin in the bottom of
the Koenigshuegel valleys (less than 1 m, yellow and red color in the southwest).
Each cell of the model is attributed by a thickness value. In order to predict the soil fraction over
the entire model, the discrete percent values of gravel, sand, silt and clay will be assigned to cells of
corresponding positions initially. Then the discrete values will be analyzed and interpolated in the 3-D
space through classic geostatistic method.
5.1 Data Digitization
The drilling records in the Aachen City and in the vicinity were compiled by the Municipality of Aachen
and the LIH several years ago to give a standard description of the stratigraphical and lithological in-
formation (Neumann, 1997). The standard descriptions are based on the German Standard DIN 4022,
which covers fields of subsoil and groundwater, designation and description of soil and rock, borehole log
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Figure 5.2: 3-D cell-based Quaternary model attributed by thickness values
for boring without continuous taking of core samples in soil and rock. In terms of the DIN 4022, pure soils
should be named based on the grain size, such as gravel, fine sand, coarse silt etc.; composited soil should
be named through combining a capital noun for the majority of soil type with one or more adjectives
for the minor components, such as Gravel, sandy. The basic rule for calculating the fraction of each
soil component is that their sum is 100%. The percentage of the major component is more than 40%.
The minor components are attached by suffix number to categorize their proportions. The indicative
percentage of different suffix number is listed in Table 5.1.
Table 5.1: Meaning of suffix number after minor components
Suffix Number Qualification DIN intervals We use
1 Less than 2 <5% 5%
2 Weak or few 5% - 15% 10%
3 (or no) Normal 15% - 25% 20%
4 Strong or many 25% - 35% 30%
5 More than 4 35% - 40% 37%
In terms of above standard, the lithological description of borehole core can be digitized, for instance:
Silt, humus, fine sandy can be digitized as 60% silt, 20% fine sand and 20% humus;
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Silt, medium gravelly, clayey2 can be digitized as 70% silt, 20% medium gravel and 10% clay;
Silt, Sand can be digitized as 50% silt and 50% sand.
The borehole database exclusively for Quaternary deposits was digitized following the standard in
Table 5.1 and finally 3377 core descriptions were available for the soil fraction modeling. In addition
to gravel, sand, silt and clay components, other soil types consist in the database too, such as artificial
backfill, loess and loam. The boreholes of the dataset are located within the geological border of the
Quaternary deposits (Figure 5.3).
Figure 5.3: Localization of Quaternary points and historical rivers in the inner Aachen City
Along with the alteration of the palaeo-climate, the ancient morphology has been altered accordingly.
When the climate was turning warmer, the sea level was uplifting and then the land area was covered by
sea water. When the climate was turning colder, the water was returning back and many ancient river
courses have been remained. During the latest Ice Age, the sea level in the world was generally descended;
hence diverse watercourses and lakes have been generated. The sediments in ancient river courses are nor-
mally characterized as complexity and diversity. The composition of grain sizes, degree of sorting, density,
compression strength, and shear strength altered strongly along the horizontal direction. The sediments
in ancient river courses are majorly composed of coarse gravel, which has high porosity and permeability.
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When they are endured by uploading, local subsidence is easy to happen (Sun et al., 2010). In some land
area, a large number of construction failures are related to less knowledge of distribution of the ancient
river courses or the soil characteristics in the beds, e.g. in Shanghai land area (Shi, 2011). Most of the
river courses are not able to be seen from the present surface in the city area because of anthropogenic
engineering works for the construction of infrastructures and facilities. In the inner Aachen City, most of
the ancient rivers have been buried today because of the anthropogenic activities. Nevertheless, their in-
fluences on the Quaternary deposits can be detected and analyzed through the fraction of different grains.
5.2 Geostatistic Analysis of Percentages of Gravel, Sand, Silt
and Clay
Geostatistics was firstly used for estimating the quality of mineral deposits, and then extended to areas
such as hydrogeology and engineering geology (Houlding, 1994). In the Chapter 4, geostatistics was used
to predict the elevation values of the geological boundary, which means that the Z value is predicted based
on a XY plane. Geostatistical methods are also well-known to study the spatial variability of geotechnical
parameters, which means that a W value is analyzed within a XYZ space. A lot of applications can be
found for diverse geotechnical problems, such as liquefaction potential assessment (Lenz and Baise, 2007;
Samui and Sitharam, 2011), ore reserve estimation, optimization of site investigation locations (Nowak
et al., 2010; Parsons and Frost, 2002), channel tunnel project (Blanchin and Chiles, 1993), and grain
size trend analysis (Ma et al., 2010). In the urban area, liquefaction potential assessment will provide
information helping to localize sensitive zones during the decision stage of an urban infrastructure project.
In the inner Aachen City, the 3-D volumetric model of the Quaternary deposits has been constructed
(Figures 4.22). The SGrid of the 3-D Quaternary model can be refined to more cells or coarsened to less
cells based on the need of special usage. The attributions of each cell are allocated in the center of the
cell. Thus, this creates a kind of 3-D raster data structure with several variables (x, y, z coordinates and
attribute values). In order to choose the most appropriate method to interpolate the desired attributions
within the entire geological model, first and foremost step is to think about the final aim: it is important
to be able to evaluate a geotechnical parameter value at a location, and localize zones with poor geotech-
nical characteristics in order to assess risks. A classical Kriging method has been realized here because
it can estimate values at each cell of the 3-D model and then zoning maps could be generating through
connecting all the values.
5.2.1 Statistic Characteristics of Samples
The sample points for the Quaternary deposits are found in almost the entire borehole records described
in the Section 3.1 and the Quaternary deposits are located in most of the modeling area. But they are
not homogeneously distributed due to the poor distribution of the collected boreholes. In the Aachen
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City area, the soil fraction data came in discrete and incomplete forms, a common task is to fill the space
between data points with reasonable estimations by using existing data of similar types. In order to
display the change of the attributions along the vertical direction, it is better to visualize the percentage
value of each grain size in the 3-D space. Considering the average distance between the Quaternary
sample points, the 3-D geological model of the Quaternary deposits is divided to 200 parts along the
easting direction and to 200 parts along the northing direction. Considering the interval of the Quater-
nary sample points along one borehole path, the vertical direction is divided to 3 parts. Thus, the SGrid
of the entire Quaternary model is refined to 120000 cells. The percentage values of gravel, sand, silt and
clay in the sampling database are allocated in the center of the closest cell to them. Descriptive statistics
of every measured soil is listed in Table 5.2.
Table 5.2: Descriptive statistics of measured samples
Statistics Gravel Sand Silt Clay
Mean 5.40% 23.10% 43.80% 6.70%
Median 0% 20% 60% 0%
Standard Deviation 16.9% 23.9% 32.2% 15.4%
Variance 0.029 0.057 0.104 0.024
Minimum 0% 0% 0% 0%
Maximum 100% 100% 100% 100%
In most of the area, the gravel percentage is less than 10% or equal to 0%. The gravel is almost con-
sisted in the samples drilled in the old river courses. The sand particle is found in most of the sampling
boreholes and the amount is more than 20%. In minority of boreholes the sand percentage is particularly
higher than 60%. In the majority of boreholes, the silt amount is the highest, more than 60%. However,
the extreme data (>80%) are existed around the river channel and clustered in the west and east side
of the Lousberg. Like the gravel particle, the clay granule is less than 10% in most sampling boreholes.
The second major percentage of clay is around 20%.
It is figured out from the boreholes that in the ancient river area, the grain size of the majority of soil
is getting finer from bottom to top, i.e. the gravel in the bottom, sand in the middle, and than silt, clay
on the top. No special trends can be found within the four sample datasets.
5.2.2 3-D Variogram Analysis
For a geological boundary construction, the geostatistic approach is comprised of exploring the spatial
variability along the lateral directions, setting up a 2-D grid network, and estimating the elevation values
at the grid nodes. 3-D variogram analysis combines the 2-D areal variogram (range 1 and range 2) and
1-D vertical variogram (range 3) together to consider the full 3-D spatial variability. It pairs up data
points based on azimuth and dip directions and distance between data points, so there is one variogram
panel (plot) for each specified azimuth and dip angle. Azimuth is the degree of direction on the 2-D
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areal plane. Dip is measured in degrees too (90 degrees in a right angle) from the XY plane, which
ranges from -90 to 90. The 3-D variogram analysis was performed via Gocad Variogram Analyzer Tool.
Gocad computes one variogram for each of the azimuth and dip pairs. The principle direction (range 1)
of geological continuity is modeled and the one perpendicular to the principle direction (range 2) is also
modeled (that is, 0 and 90 degrees; N45E and S45E degrees). In a word, 2-D variogram modeling means
deriving an ellipse to the ranges from 2-D directional variogram panels. 3-D variogram modeling means
deriving a 3-D ellipsoid to the ranges from 3-D directional variogram panels. No representative trend
can be detected in the datasets of the four soil types. The covariance value is existed and the data can
comply with the second order stationary hypothesis.
The combination of the areal and vertical variogram, i.e. the 3-D variogram plot system, and the
reasonably fitting theoretical model of experimental variograms in percentages of gravel, sand, silt, and
clay have been shown in Figures 5.4, 5.5, 5.6 and 5.7. In most area the thickness of Quaternary deposit is
less than 2.5 m. Thus, the lag unit distance for vertical direction is set up as 0.05 m and the lag number
is 20. The lag unit distance and number of lags along azimuth areal depend on the distribution of core
descriptions.
Figure 5.4: 3-D experimental variogram plot system of gravel percentage (dots) and fitted theoretical model
(solid line)
The variogram models for percentage datasets of the gravel, sand, silt and clay exhibit geometric
anisotropy, which means that the sill value is the same and the range is different. Nearby data points
(within 0-100 m distance) generally have highly correlated values, as is illustrated by their variograms
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Figure 5.5: 3-D experimental variogram plot system of sand percentage (dots) and fitted theoretical model
(solid line)
Figure 5.6: 3-D experimental variogram plot system of silt percentage (dots) and fitted theoretical model
(solid line)
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Figure 5.7: 3-D experimental variogram plot system of clay percentage (dots) and fitted theoretical model
(solid line)
(Figures 5.4 to 5.7). It allows the use of “Kriging” interpolation techniques (Burrough and McDon-
nell, 1998): variable variation remaining is modeled as space auto-correlated variation plus uncorrelated
variation (noise, nugget). The variograms show the spatial range within which percentage values are
auto-correlated and hence within which observations have predictive value with respect to deviations to
the regional trend delineated by the variogram. For the four types of soils, the best-fit models are selected
for the 3-D Kriging interpolation, i.e. model along azimuth 45 and dip 0 for gravel, along azimuth 120
and dip 0 for sand, along azimuth 105 and dip 0 for silt and along azimuth 135 and dip 0 for clay. Nugget
values were detected from the experimental variogram systems. However, they might be resulted from
lack of enough data pairs within the lag unit distance. The apparent nugget effect has been taken into
account in the theoretical models. The variability of the four soils in the Quaternary deposit is very small
because of the small sill (or variance) values (seen in Figures 5.4 to 5.7). This phenomenon implies a
better prediction by Kriging interpolation.
The important parameters of the theoretical model, range, sill, and mathematical model, are given in
Table 5.3.
100
5.3 Results and Discussion
Table 5.3: Parameters of the 3-D directional variogram for each soil grain size
Parameters Gravel Sand Silt Clay
Azimuth 135 120 105 135
Dip 0 0 0 0
Range 1∗ 392 m 670 m 660 m 680 m
Range 2∗ 236 m 475 m 550 m 590 m
Range 3∗ 0.08 m 0.2 m 0.2 m 0.1 m
Nugget 0.01 0.007 0.017 0.0035
Sill 0.033 0.025 0.065 0.012
Model Exponential Exponential Spherical Exponential
∗ Range 1 is the distance reaches sill value along azimuth direction; Range 2 is along the direction
perpendicular to azimuth; Range 3 is along vertical direction.
5.3 Results and Discussion
5.3.1 Resulting 3-D Soil Fraction Model and Interpretation
By using the percent values of gravel, sand, silt and clay (3377 observations) and the 3-D variogram
model (Table 5.3, Figures 5.4 to 5.7) an Ordinary Kriging interpolation was performed. Estimation of
soil fractions was performed within the SGrid model of the Quaternary deposits. No local neighborhood
was specified in the interpolation. Thus, for any predicted percent value, all targeted soils were weighted
according to the 3-D variogram. The output is a set of predicted percent values and Kriging standard
deviations.
Ordinary Kriging (OK) method is the most prevalent to be used to estimate spatial variables with no
trend. OK method has lower requirement on the stationary of data. During OK interpolation, the mean
of the property is assumed to vary locally, and to be unknown. The prediction of the property values
was conducted following the Reservoir Properties Workflow in the Gocad geo-modeling suite. For every
point to be estimated, a local mean is calculated by using the data points found within the neighborhood
of this unknown point. When no data points are found within the searching neighborhood, the unknown
value cannot be estimated and a NDV (no data value) is returned.
Several visualizations of the 3-D attribution model were generated. Here, the property models of
percentage gravel, sand, silt and clay data are represented section by section along the depth direction
(along w axis in the SGrid object) from top to the bottom. Each voxel in the SGrid model contains a
unique attribution data. For each section, the x, y, z coordinates of central points of voxels were extracted
to generate a 2-D surface and then the surface was attributed by the percentage data. The attributed
surfaces of three sections for percentage gravel, sand, silt and clay are showed from Figure 5.8 to Figure
5.19, respectively.
The central Aachen City was totally reconstructed after the Second World War. Hence, the Quater-
nary deposits are characterized by old foundations and basements, sewer systems and backfilled waste.
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Figure 5.8: Distribution of percentage gravel in the top section (colorful circles indicate the samples)
Figure 5.9: Distribution of percentage gravel in the medium section (colorful circles indicate the samples)
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Figure 5.10: Distribution of percentage gravel in the bottom section (colorful circles indicate the samples)
Figure 5.11: Distribution of percentage sand in the top section (colorful circles indicate the samples)
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Figure 5.12: Distribution of percentage sand in the medium section (colorful circles indicate the samples)
Figure 5.13: Distribution of percentage sand in the bottom section (colorful circles indicate the samples)
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Figure 5.14: Distribution of percentage silt in the top section (colorful circles indicate the samples)
Figure 5.15: Distribution of percentage silt in the medium section (colorful circles indicate the samples)
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Figure 5.16: Distribution of percentage silt in the bottom section (colorful circles indicate the samples)
Figure 5.17: Distribution of percentage clay in the top section (colorful circles indicate the samples)
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Figure 5.18: Distribution of percentage clay in the medium section (colorful circles indicate the samples)
Figure 5.19: Distribution of percentage clay in the bottom section (colorful circles indicate the samples)
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The thickness of Quaternary deposit in the central Aachen City is very small, less than 3 m over large
area. In the thin geological body, different formations in two geological stages i.e. Holocene and Pleis-
tocene (or Ice Age) have been distributed. In the Holocene stage, the primary deposits are soft clayey
silt (i.e. valley silt) and the overlying backfilled materials for city development. In the Pleistocene stage,
carbonated sandy silt, clayey sand, and silty gravel with flint stone are deposited (Breddin et al., 1963).
In the resulting maps (Figures 5.8 to 5.19), the obviously high amount and spread distributed soil is defi-
nitely the silt (from 0.002 mm to 0.6 mm). The distributions of gravel, sand, silt and clay are interpreted
as follows:
(1) From Figures 5.8 to 5.10, it is indicated that in most of the modeling area the percentage of gravel
is from 0% to 5% in the horizontal direction. Along the vertical direction, the percentage is increased
from the top section to the bottom section. In the top section, the gravel is deposited sparsely with
fraction of up to 20%. To the deeper sections, the fraction of gravel is increased to the maximum of 60%.
The gravel is distributed mostly in or near the historical river course (compared with Figure 5.3). These
river courses are dried currently or still existent rivers in the city. The coarse gravel can be found in the
bottom of these river valleys.
(2) From Figures 5.11 to 5.13, the distributions of percentage of sand are presented. In most of the
collected boreholes, the sand fraction is in between 25% to 40% from the top section to the bottom
section. Thus, in most of the cells of the SGrid model, the sand amount is from 15% to 45%. In some
small areas, the amount is less than 10%. Along the vertical direction, the percentage does not vary
obviously. The sand is prevalently existed in almost all of the boreholes, with various percentage values.
(3) From Figures 5.14 to 5.16, the silt is almost distributed over the city center and it is the largest
amount of fractions in most of the boreholes in the top section. The values concentrate on 40% to 80%.
In the bottom section a large number of cells were assigned with less than 20% values.
(4) Similar to the distribution of gravel, clay also shows less than 20% amount in most areas from
Figures 5.17 to 5.19. The clay is extensively identified from the boreholes between the RWTH Aachen
University and the Main Railway Station, as well as the Burtscheid market.
Therefore, each cell in the SGrid model of the Quaternary deposits has been assigned with the per-
centage value of gravel, sand, silt and clay. The properties are able to be exported as spreadsheet Excel
files for further statistical analysis and site-specific investigations.
5.3.2 Uncertainties Assessment
Over the years geotechnical engineers have developed several strategies for dealing with uncertainty. They
include: (1) “by ignoring”; (2) “by being conservative”; (3) “by using observational method” or (4) “by
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quantifying the uncertainty” (Christian, 2004). In the current research, the borehole database has been
processed and it is not able to verify all of the boreholes. Thus, the uncertainty caused by estimation
process can solely be quantified.
At each predicted cell center positioned by (x, y, z) coordinates, the Kriging Standard Deviation was
calculated and obtained simultaneously with the Kriging prediction process. The Kriging Standard Devi-
ation is a measure of the accuracy of the interpolated values. Kriging Standard Deviation increases with
distance from observations. Patterns in the standard deviation value thus reflect the spatial distribution
of the data points. The Kriging Standard Deviation maps are shown from top section to the bottom
section of the SGrid model of the Quaternary deposits (Figures 5.20 to 5.31).
Figure 5.20: Kriging Standard Deviation map of gravel prediction in the top section
(1) The Kriging Standard Deviation maps of the gravel in three sections are shown in Figures 5.20 to
5.22. The range of the value is from 0% to 3%. At the sampled positions, the standard deviation is 0%.
In most of the predicted area the values are less than 1.5%.
(2) From Figures 5.23 to 5.25, the distributions of the Kriging Standard Deviation maps of sand from
top section to bottom section are presented. In general, the values in the entire predicted area are very
small, with maximum of 1.4%. At the sampled positions, the standard deviation is 0%. In most of the
area, the standard deviation values are less than 0.8%.
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Figure 5.21: Kriging Standard Deviation map of gravel prediction in the medium section
Figure 5.22: Kriging Standard Deviation map of gravel prediction in the bottom section
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Figure 5.23: Kriging Standard Deviation map of sand prediction in the top section
Figure 5.24: Kriging Standard Deviation map of sand prediction in the medium section
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Figure 5.25: Kriging Standard Deviation map of sand prediction in the bottom section
Figure 5.26: Kriging Standard Deviation map of silt prediction in the top section
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Figure 5.27: Kriging Standard Deviation map of silt prediction in the medium section
Figure 5.28: Kriging Standard Deviation map of silt prediction in the bottom section
113
5. THREE-DIMENSIONAL SOIL FRACTION MODEL OF QUATERNARY DEPOSITS
Figure 5.29: Kriging Standard Deviation map of clay prediction in the top section
Figure 5.30: Kriging Standard Deviation map of clay prediction in the medium section
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Figure 5.31: Kriging Standard Deviation map of clay prediction in the bottom section
(3) From Figures 5.26 to 5.28, the distributions of the Kriging Standard Deviation maps of silt from
top section to bottom section are presented. The values are the largest in the four soil types. The
maximum of the standard deviation is 3.5%. At the sampled positions, the standard deviation is 0%. In
most of the area, the standard deviation values are less than 2%.
(4) The prediction of clay shows the smallest standard deviation in most of the area (Figures 5.29 to
5.31). The maximum value is only 0.6%. In most of the area, the standard deviation values are less than
0.35%.
The extreme variance values or none data values are in general emerged on the margin of the modeling
area due to the neighbor searching technique of kriging methods. The standard deviations can quantify
how much further studies can trust these fraction data.
5.3.3 Discussion
Soil texture is a term commonly used to designate the proportionate distribution of the different sizes of
mineral particles in a soil, normally sand, silt and clay (Brown, 1990). In the Quaternary model of the
inner Aachen City, particles over 2 mm in diameter (classified as gravel in DIN 4022) are considered and
analyzed since they may affect porosity, water retention and other properties. Soil texture is considered
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among the most important physical properties of the soil and is one of the most basic and important
factors in soil characteristics. In general, coarse-textured soils have many large pores because of the loose
arrangement of larger particles with one another. Fine-textured soils are more tightly arranged and have
more small pores (McCauley et al., 2005). The structure of soil composition affects the soil engineering
characteristic from different aspects. For example, different-textured soils have different ability of trans-
porting surface water to the deeper formations. For more clayey soil, the alteration of water content
is of great importance on the engineering property (e.g. shear strength, permeation and solidification,
and compaction). For a more silty soil, the packing degree has more effects on its engineering properties.
Thus, analysis and prediction of the fraction of the particles in a soil was undertaken in the Aachen model
as a basis for further geotechnical modeling.
In this chapter, 3-D variogram analysis and Kriging interpolation techniques were used to analyze
the spatial variability of the samples and estimate the fraction values of different soil types in each cell
of the SGrid model of the Quaternary deposits. For the 3-D variogram models of the four soil types,
the dip is always setup as 0 degree. It means along the vertical direction, only fraction values in the
same borehole can influence the prediction. Sample values in the other boreholes cannot be considered
in the vertical variogram model. This situation may be resulted from less neighboring samples for the
variogram model construction. Estimation of the geotechnical properties in the 3-D space can manifest
the spatial variability of the properties in the areal plane and in the vertical direction. The process is
difficult to realize and time consuming. However, it can definitely describe the property more reliably
than assigning only one value to one geological unit. Without the cell-based 3-D geological model, it is
impossible to perform the estimation of any geotechnical property.
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During the precipitation, the rain water penetrates into the soil and then stores or transports in the soil
environment. The soil is a porous medium, which consists of a framework of the rigid granules as well as
the air and water that fills in the pores in the framework. Water retention and hydraulic conductivity are
crucial input parameters in any modeling study on water flow and solute transport in soils. The hydraulic
conductivity, also called permeability, expresses the ability of fluid flowing through the pores in the soil.
The permeability of water in the pores of soil is an essential characteristic to the study of soil mechanics,
since it is closely related to fields of civil engineering, hydrogeology, agriculture, hydraulics and environ-
mental protection. Moreover, the permeability has an interaction between the other two soil mechanical
properties (strength and deformation) and it is a significant component in the establishment of the soil
constitutive law. Stability of the earth-rock dam and urban buildings whose foundations are located in
the aquitard zone are closely linked to the permeability of soils because additional vadose stress may load
to their foundations. The most often occurred damage on construction work caused by the permeability is
called soil flow, which is induced by the large amount of pores and large permeable power in the soil (Yang
et al., 2004). Methods to prevent vadose deformation are necessary for any foundation construction works.
The hydraulic characteristics of soil are also considered as an important factor in the pedological
science. The quality of soils and waters are degenerating due to intensive agricultural and industrial
activities in many regions of Europe (Eijsackers and Hamers, 1993). Scientists have developed many
complex computer models to simulate water and solute movement in the unsaturated zone in order to
control and reduce this damage, e.g. (Boesten and Van der Linden, 1991; Kabat et al., 1992). However,
the use of these models has been restricted especially by the lack of accurate soil hydraulic properties,
in particular water retention and hydraulic conductivity (Van Genuchten and Leij, 1992). Hydraulic
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characteristics can be obtained from direct laboratory experiments (e.g. constant head permeability test
and falling head permeability test) and large field measurements. However, these measurements require
a substantial investment in both time and money (Chen et al., 2006; Lin and Chen, 2006; Schaap et al.,
2001). Furthermore, many vadose zone studies were undertaken to characterize large areas of land where
spatial variability in the soil hydraulic properties may be exhibited. As a consequence, it is practically
impossible to perform enough measurements in such cases.
Soil hydraulic characteristics are often presented as a function, which is because a function can easily
be incorporated in simulation models. In addition to the direct measurements, many indirect methods
have been developed to determine soil hydraulic properties, most of which are classified as pedotransfer
functions. Statistical regression equations which express relationships between soil properties were pro-
posed to be called transfer functions and later pedotransfer functions (PTFs) (Bouma, 1989; Hamblin,
1991). Since the 1980s, the development of hydraulic PTFs has become increasing, mostly in the USA
(Rawls et al., 1982), and in the Europe (Mayr and Jarvis, 1999; Scheinost et al., 1997; Woesten et al.,
1995). In short, pedotransfer function are functional relationships that translate available soil properties
(e.g. soil texture, organic matter content and/or other data routinely measured by Soil Surveys) into
missing soil properties (e.g. soil hydraulic and chemical characteristics) (Woesten, 1997). The PTFs were
demonstrated to be advantageous of relatively inexpensive and easy to derive and to use (Woesten et al.,
2001). Woesten et al. (1990) called PTFs based on a preliminary grouping as class PTFs, whereas they
used the term continuous PTFs to denote PTFs that are developed without grouping. Class PTFs pre-
dict the mean hydraulic properties according to soil texture classes and put them in a lookup table, and
therefore, do not provide site specific information (Carsel and Parrish, 1988). Continuous PTFs are often
expressed as linear or nonlinear regression equations, which can be applied in case of more specific ap-
plications. Subdividing the complete dataset into groups of more uniform soils previously might improve
the predictions in class PTFs (Woesten et al., 1999, 2001). Inclusion of more properties or application
of neural networks instead of regression can improve the predictions in continuous PTFs (Schaap et al.,
2001; Woesten et al., 1999).
Development of PTFs requires large and reliable databases. Large well structured and easily accessible
national and international databases, such as UNSODA (Leij et al., 1996; Nemes et al., 2001), HYPRES
(Lilly, 1997; Woesten et al., 1999), WISE (Batjes, 1996), GRIZZLY (Haverkamp et al., 1998), and USDA
Natural Resource Conservation Service pedon database published by USDA Natural Resource Conser-
vation Service are available for development of PTFs. Many continuous PTFs have been developed in
the past, such as the pore-size distribution models by Burdine (1953) and Mualem (1976); A&P model
by Arya and Paris (1981) using the shape similarity between the particle- and pore-size distributions to
estimate water retention; and the Woesten model by using percentage clay, percentage silt, percentage
organic matter, bulk density and the qualitative variable topsoil or subsoil for European soils (Woesten
et al., 1999).
118
6.1 Input Parameters to Predict Water Retention and Hydraulic Conductivity
6.1 Input Parameters to Predict Water Retention and Hydraulic
Conductivity
Woesten et al. (2001) has listed and reviewed the properties used most often because of their availability
or because they proved to be the most promising ones as predictors in PTFs. The properties are: (1)
particle size distribution; (2) texture alone; (3) porosity or bulk density; (4) limited water retention data;
(5) mineralogical properties; (6) organic matter or carbon content; (7) chemical properties; (8) mechan-
ical properties or shrink-swell parameters; (9) landscape position; (10) soil structure and morphology
descriptors; and (11) soil management.
The meaning of using PTFs is to translate basic and easy-to-measure soil properties into difficult-
to-measure hydraulic properties. Hence, although more input variables are expected to improve the
predictions, the simpler models using most basal soil properties, such as soil texture or particle size dis-
tributions, are more useful in practice.
In Chapter 5, the particle size distribution in the entire modeling area has been estimated through
sophisticated geostatistic analysis. Sinowsi et al. (1997) and Heuvelink and Pebesma (1999) demonstrated
that in variable landscapes, spatial interpolation of PTF inputs and subsequent application of PTF pro-
vided better results than point-predicting water retention with PTFs and subsequent interpolation of
parameters in water retention equations. Therefore, the percentage sand, percentage silt and percent-
age clay data in each element of the 3-D volumetric Quaternary model will be extracted into the Excel
Spreadsheet as input variables to predict the water retention and hydraulic conductivity.
6.2 Materials and Methods to Develop Pedotransfer Functions
6.2.1 Theoretical Equations for Water Retention and Hydraulic Conductivity
The relation between the pressure head and the water content is firstly measured by experiments and
then expressed by the soil water characteristic curve. The shape of the curve varies along with the phys-
ical and chemical properties of the soil. A series of physico-empirical equations has been established by
Brooks and Corey (1964) to quantify the complex soil hydraulic characteristics. Among these equations,
Van Genuchten equation (Van Genuchten, 1980) based on the Brutsaert equation is widely applied in the
present due to its good performance on the turning point of the soil water curve (Van Genuchten and
Nielsen, 1985). Van Genuchten proposed the following flexible equation:
θ(h) = θr + (θs − θr)(1 + (αh)
n)−(1−1/n)
Where θ(h) is the volumetric water content, θs is the saturated water content, θr is the residual water
content, h is the pressure potential, and α and n are coefficients defining the shape of the curve.
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The unsaturated hydraulic conductivity is given by several expressions; here the empirical expression
of Gardner (Gardner, 1958) is used:
K(h) = Ks/[1 + (ah)
b]
Where Ks is the saturated hydraulic conductivity, K(h) is the unsaturated hydraulic conductivity at
pressure head h, and a and b are coefficients defining the shape of the curve.
6.2.2 Neural Network Theory
Vast PTFs have been established with different mathematical concepts, predicted properties and input
parameters. The simple linear multiple regression equations are often used, e.g. (Gupta and Larson,
1979; Rawls et al., 1982; Vereecken et al., 1990). Recently, artificial neural network (ANN) is becoming
a common tool to establish empirical PTFs (Minasny et al., 1999; Pachepsky et al., 1996; Schaap and
Bouten, 1996). ANN is an adaptive system which is used to simulate the nonlinear connections that
cannot be expressed by mathematical concepts between input variables and output variables (Matthew,
1990). ANN is generally performed as a two-step procedure: firstly “learn” the relation between in-
put variables and output variables by using a database with measured values, and secondly employ the
“learned” optimal relation to other inputs automatically to predict the output variables. General speak-
ing, ANN is a three-layer propagation system consists of an input layer, certain hidden layers and an
output layer all including “neuron nodes” (Figure 6.1). The measured database should be separated to
two datasets, of which one for training and the other for testing. The input layer receives the input
variables from the training dataset firstly. The back-propagation neural network (BPNN) is used in this
research because it can control the errors for the “learned” relation. The application of BPNN involves
two phases: Firstly, the hidden layer receives inputs from the input layer and sends its outputs to the
output layer via certain adaptive models. The output data will be compared with the desirable data and
the Mean Square Error (MSE) is computed. Secondly, the error is backward passing through the network
and appropriate weight changes are performed to reduce the error. This procedure will end up when the
MSE reaches a convergence value that is defined preliminary. The adaptive models will be then stored
as a “Net”. Correlation coefficients between the measured values and predicted values in both training
dataset and testing dataset are used to estimate the quality of the “Net”. If the correlation coefficients
are good enough, the “Net” can be applied for further predicting. In the present study, the BPNN was
carried out with a self-coding script based on the MATLAB (Version 9.0) package. An advantage of
ANN, as compared to traditional PTFs, is that it requires no a-priori concept of the relations between
input data and output data. However, due to the black-box nature of ANNs, the optimal relation Net is
not able to deliver. In the current research, the input variables are percentage sand, silt and clay data.
The desired unknown output parameters are (θs, θr,Ks, α, n, a and b) in the Van Genuchten and Gardner
model. The natural correlation between the inputs and outputs are unavailable from the a-priori concept.
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As a consequence, ANNs are applicable for the situation.
Figure 6.1: Schematic overview of a three-layer artificial neural network
6.2.3 Parameterization of the Input and Output Data
In order to accomplish the first step of ANN, a measured database containing inputs and outputs should
be prepared preliminary. The measured data for this study were taken from the UNSODA Unsaturated
Soil Hydraulic Database (Leij et al., 1996) consists of 790 items of field and laboratory measured unsat-
urated soil hydraulic properties (water retention, saturated and unsaturated hydraulic conductivity) as
well as basic soil properties (particle size distribution data, bulk density, organic matter content, etc.)
of many international sources. As it was discussed by Woesten et al. (2001) and Tang et al. (2011) that
the PTFs should not be used to make predictions for soils that are outside the range of soils used to
derive the PTFs. Hence, the 328 items taken from Germany and the surround countries (the Netherlands
and Belgium) were selected from the database as samples. During the 328 items, sufficient laboratory
K(h) and Ks data are simultaneously available for 190 samples, while laboratory θ(h) and θs data for 75
samples. The Van Genuchten water retention equation and Gardner unsaturated hydraulic conductivity
equation were fitted respectively to the 75 and 190 samples with the Levenberg-Marquardt nonlinear least
squares curve-fitting algorithm (LMA) (Levenberg, 1944; Marquardt, 1963; More, 1978) to obtain the θr,
α, n, a and b data for each sample. The LMA is actually a combination of two minimization methods: the
method of gradient descent and the Gauss-Newton algorithm (GNA). In the gradient descent method, the
sum of the squared errors is reduced by updating the parameters in the direction of the greatest reduction
of the least squares objective. In the Gauss-Newton method, the sum of the squared errors is reduced
by assuming the least squares function is locally quadratic, and finding the minimum of the quadratic.
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The LMA is more robust than the GNA since it can find a solution even if the starting parameters are
very far from the finial minimum. As a result, for the Van Genuchten water retention equation, vector
[θs, θr, α, n] was resulted in (Table 6.1). For the Gardner unsaturated hydraulic conductivity equation,
vector [Ks, a, b] was resulted in (Table 6.2). The measured data for some soil samples were too little to
be used for curve fitting. Thus, in the end, 62 samples for water retention and 148 samples for hydraulic
conductivity were used for ANN.
The output variables for “training” dataset have been prepared, the input variables for ANN is still
not. For each soil sample in UNSODA database, cumulative particle size distribution has been adopted.
The particle diameters used in this study are based on the German standard DIN 4022, that is, between
0-2 µm (clay), 2-60 µm (silt), 60-2000 µm (sand), 2000-63000 µm (gravel). Here, only the percentage
sand, silt and clay data are used for PTFs. So the percentage gravel is incorporated into percentage sand.
In order to calculate the soil fraction between the intervals of soil particle-sizes, a lognormal distribution
was assumed (Leij et al., 1996). For example, for Code 2550 in Table 6.1, the cumulative fractions < 2
µm, < 20 µm, and < 2000 µm are 11.2%, 25.9%, and 100%. First, the slope of the log-transformed curve
in the silt range is estimated; after which the cumulative fraction, x, for < 60 µm can be obtained:
slope =
0.259− 0.112
log10 20− log10 2
= 0.147
x = 0.259 + 0.147 ∗ (log10 60− log10 20) = 0.329
The sample contains 11.2% clay, 21.7% silt and 67.1% sand. Following this two-step calculation, the
cumulative particle-size fractions for each sample were transferred to density fractions.
To avoid statistical bias, the ANN analysis of hydraulic characteristics with the Van Genuchten water
retention equation and the Gardner unsaturated hydraulic conductivity equation were conducted inde-
pendently. For water retention, the input layer includes three nodes (percentage sand, silt and clay) and
the output layer includes four nodes (θs, θr, α, n) (Table 6.1). For unsaturated hydraulic conductivity,
the input layer includes three nodes (percentage sand, silt and clay) and the output layer includes three
nodes (Ks, a, b) (Table 6.2). From Table 6.2, the range of Ks is from 0.065 to 27648. The large span of
the Ks data will increase the difficulty of convergence in ANN. Thus, Ks was transformed as logKs for
network construction.
The fitted curve for a typical sand soil, Code 4440 in Table 6.1, is represented in Figure 6.2. The
fitted curves for Code 4441, 4442, 4443, 4444, and 4445 have the same shape.
The fitted curve for a typical silt soil, Code 1330 in Table 6.2, is represented in Figure 6.3.
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Table 6.1: Measured and fitted values of input and output variables for water retention equation
code
θs θr α
n
Sand Silt Clay
code
θs θr α
n
Sand Silt Clay
cm3/cm3 cm3/cm3 1/cm % % % cm3/cm3 cm3/cm3 1/cm % % %
1290 0.4 0.123 0.03 4.301 88.8 6.9 4.3 2530 0.426 0.271 0.017 2.847 42.2 37.8 20
1330 0.44 0 0.058 1.133 3.6 87.2 9.2 2531 0.401 0 0.007 1.225 37.4 48.6 14
1331 0.43 0 0.259 1.083 2 75 23 2532 0.426 0 0.003 1.476 58.2 30.8 11
1461 0.362 0.026 0.068 3.298 99 0.7 0.3 2540 0.27 0 0.031 1.102 59.5 23.5 17
1462 0.315 0.034 0.036 4.177 96.4 2 1.6 2541 0.32 0 0.046 1.121 53.7 31.8 14.5
1463 0.388 0.05 0.028 5.345 96.9 2 1.1 2542 0.309 0 0.017 1.063 49.8 33.2 17
1464 0.357 0.068 0.023 5.947 92.8 4.6 2.6 2550 0.336 0 0.036 1.338 67.1 21.7 11.2
1465 0.32 0.02 0.021 1.808 79 17.8 3.2 2551 0.28 0.163 0.02 2.088 61.7 25.4 12.9
1466 0.392 0.045 0.015 5.252 89.1 9.5 1.4 2552 0.316 0 0.054 1.06 39.2 43.7 17.1
1467 0.27 0.102 0.024 2.083 87.8 7.2 5 4440 0.345 0.105 0.02 6.75 95.7 4.3 0
2320 0.324 0 0.338 1.062 33 52 15 4441 0.3 0.014 0.022 5.113 99.2 0.8 0
2321 0.372 0 0.145 1.055 37 43 20 4442 0.27 0.073 0.022 6.304 98.9 1.1 0
2334 0.371 0.04 0.013 3.469 98 2 0 4443 0.3 0.029 0.044 7.188 100 0 0
2340 0.507 0.019 0.043 1.091 35 16 49 4444 0.312 0.063 0.024 4.985 97.2 2.8 0
2341 0.398 0.023 0.039 1.126 47 23 30 4445 0.29 0.049 0.017 5.449 100 0 0
2342 0.342 0.094 0.029 2.789 97 3 0 4450 0.38 0 0.245 1.088 8.1 64.9 27
2350 0.554 0.074 0.096 1.057 7 48 45 4511 0.41 0 0.007 1.228 16.8 72.5 10.7
2351 0.485 0 0.075 1.06 20 64 16 4512 0.41 0 0.007 1.228 16.8 72.5 10.7
2360 0.492 0.007 0.023 1.069 17 38 45 4514 0.41 0 0.007 1.228 16.8 72.5 10.7
2361 0.557 0.003 0.017 1.05 2 41 57 4520 0.32 0.043 0.02 7.268 98.8 0.5 0.7
2362 0.557 0 0.009 1.024 4 33 63 4521 0.32 0.043 0.02 7.268 98.8 0.5 0.7
2460 0.707 0 0.044 1.107 0 62 38 4530 0.42 0.32 0.053 1.783 20.4 52.8 26.8
2461 0.653 0.387 0.075 1.25 0 62 38 4531 0.42 0.32 0.053 1.783 20.4 52.8 26.8
2462 0.648 0 0.261 1.081 0 62 38 4532 0.42 0.32 0.053 1.783 20.4 52.8 26.8
2463 0.283 0.029 0.537 1.105 16.5 53.5 30 4533 0.42 0.32 0.053 1.783 20.4 52.8 26.8
2464 0.17 0.008 0.014 1.192 15.5 62 22.5 4540 0.43 0.045 0.013 1.301 53.3 27.1 19.6
2470 0.733 0 0.274 1.095 0 62 38 4541 0.43 0.045 0.013 1.301 53.3 27.1 19.6
2471 0.668 0 0.51 1.079 0 62 38 4542 0.43 0.045 0.013 1.301 53.3 27.1 19.6
2491 0.49 0 0.098 1.132 7.5 62.5 30 4543 0.43 0.045 0.013 1.301 53.3 27.1 19.6
2492 0.49 0 0.098 1.132 7.5 62.5 30 4544 0.43 0.045 0.013 1.301 53.3 27.1 19.6
2493 0.452 0 0.675 1.04 5.4 61.6 33 4650 0.586 0 0.6 1.369 92 7 1
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Table 6.2: Measured and fitted values of input and output variables for hydraulic conductivity equation
code a b Ks Sand Silt Clay code a b Ks Sand Silt Clay
1/cm cm/day % % % 1/cm cm/day % % %
1280 0.022 3.299 20.9 6.5 79.9 13.6 2700 0.604 3.072 6739.2 18 49.7 32.3
1281 0.01 4.162 10.5 2.4 78.3 19.3 2710 0.35 2.209 129.6 13.8 69.7 16.5
1282 0.264 2.361 437 2.3 73 24.7 2711 0.335 2.421 36.288 11.2 70.6 18.2
1290 0.129 3.033 121 88.8 6.9 4.3 2712 0.23 2.532 19.2 10.4 65.5 24.1
1330 0.039 2.683 35 3.6 87.2 9.2 2713 0.113 2.016 6.134 8.8 69.2 22
1331 0.2 2.092 40 2 75 23 2721 0.2 2.408 44.064 20.8 63.4 15.8
1360 0.174 2.004 1.7 12.7 43.8 43.5 2722 0.144 1.854 9.504 24.7 57.8 17.5
1361 0.11 2.743 13.7 12.4 47.3 40.3 2723 0.062 2.339 1.642 25.1 59.7 15.2
1362 0.128 3.283 227 15 52.8 32.2 2731 0.704 1.744 34.56 21.5 61.5 17
1370 0.227 2.442 59 42.4 31.7 25.9 2732 0.3 1.418 4.32 22.5 60 17.5
1380 0.122 1.798 24 42.3 49.9 7.8 2740 0.216 1.705 501.12 28.5 41.8 29.7
1381 0.037 2.522 23.9 45.8 43 11.2 2741 0.122 2.063 440.6 28.7 48.3 23
1382 0.041 2.838 23.9 49.1 24.1 26.8 2742 0.161 1.613 596.16 35.2 40.2 24.6
1383 0.007 3.142 0.48 3.9 55.4 40.7 2743 0.521 1.105 319.68 24.3 44.7 31
1390 0.159 2.529 206 57.6 35.8 6.6 2750 0.255 2.323 190.08 50 31.5 18.5
1391 0.383 2.186 538 57.6 35.8 6.6 2751 0.09 2.539 25.92 53.9 27.5 18.6
1392 0.095 2.988 299 57.6 35.8 6.6 2752 0.219 1.977 14.947 48.2 32.8 19
1400 0.223 1.577 0.5 1.9 40 58.1 2753 0.067 3.293 4.32 52.8 29.9 17.3
1460 0.056 4.51 251 97.8 1 1.2 2760 0.435 2.988 368.06 36.3 58.1 5.6
1461 0.08 5.535 2000 99 0.7 0.3 2761 0.799 2.294 204.77 37.6 57.3 5.1
1462 0.12 4.519 1000 96.4 2 1.6 2763 0.277 1.363 389.66 75.8 21.4 2.8
1463 0.041 6.035 692 96.9 2 1.1 2764 0.701 1.297 190.94 67.3 29.1 3.6
1464 0.035 4.963 200 92.8 4.6 2.6 2765 0.159 1.775 21.082 57.9 39.3 2.8
1465 0.039 3.735 40 79 17.8 3.2 3360 0.78 1.72 69 2.6 82.3 15.1
1466 0.021 6.288 214 89.1 9.5 1.4 3361 0.283 2.04 66 2.6 83 14.4
1467 0.389 1.515 11 87.8 7.2 5 4000 0.198 2.212 95.8 91.8 6.7 1.5
1490 0.065 2.105 8.9 4.4 79.8 15.8 4001 0.595 1.144 52.5 95.7 3 1.3
2321 0.25 1.417 5 37 43 20 4010 0.108 2.426 35 74.5 19.5 6
2334 0.036 4.567 126 98 2 0 4011 0.053 2.908 18.8 75.2 18.3 6.5
2340 0.884 2.219 87 35 16 49 4020 0.087 2.779 214 84.6 11.9 3.5
2341 0.812 1.527 21 47 23 30 4021 0.101 2.526 164 86.8 10.7 2.5
2342 0.475 2.555 80 97 3 0 4030 0.053 1.712 4.1 15.1 72.4 12.5
2350 0.402 1.773 8 7 48 45 4031 0.181 1.862 5.44 67.1 21.6 11.3
2351 0.053 2.312 1 20 64 16 4032 0.328 1.703 13.6 14.3 72.7 13
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2360 0.052 1.462 5 17 38 45 4040 0.385 1.969 442 21.3 68.7 10
2361 0.287 1.728 2 2 41 57 4041 0.197 1.613 24.1 20.1 68.4 11.5
2362 0.016 1.347 0.4 4 33 63 4042 0.224 1.901 138 18.8 69.7 11.5
2560 0.152 3.687 1149.1 70.5 20.1 9.4 4050 0.118 2.575 231 83.1 14.4 2.5
2561 0.155 4.647 3024 86.4 13.6 0 4051 0.154 2.23 338.7 90.4 6.8 2.8
2562 0.163 5.792 27648 98.8 1.2 0 4052 0.064 3.036 121.7 89 9 2
2570 0.328 2.79 1719.4 80.8 10.1 9.1 4060 0.029 2.774 3 87.4 9.3 3.3
2571 0.421 2.679 1702.1 81.7 10.7 7.6 4061 0.066 2.374 30.9 95.4 1.1 3.5
2572 0.425 3.082 1607 88.8 7 4.2 4062 0.124 2.111 13 85 9.5 5.5
2573 0.27 3.492 950.4 87.1 7.6 5.3 4070 0.135 1.948 29.1 31.7 57.8 10.5
2580 0.038 4.282 20.736 30.9 50.8 18.3 4090 0.316 1.419 21.89 7.7 81 11.3
2581 0.051 2.737 22.464 34.3 53.4 12.3 4101 0.198 1.463 9.28 39.2 44.5 16.3
2582 0.017 3.195 4.925 15.4 66.6 18 4112 0.391 1.866 46.7 53.8 30.4 15.8
2583 0.077 3.257 15.552 67 25 8 4120 0.38 1.546 50.8 12.2 37 50.8
2590 0.227 2.3 408.67 46.9 34.4 18.7 4121 0.272 1.785 53.19 6.4 40.4 53.2
2591 0.224 1.689 34.56 47.5 30.7 21.8 4130 0.073 2.312 60.09 81.1 13.5 5.4
2592 0.372 1.559 11.232 0.3 74.9 24.8 4131 0.066 2.185 10.99 93.8 1.9 4.3
2593 0.11 1.832 1.728 2 62.7 35.3 4132 0.036 2.75 79.79 89.2 4 6.8
2601 0.377 2.312 233.28 30.4 43.4 26.2 4140 0.224 2.108 451 87.1 9.4 3.5
2602 0.45 2.003 112.32 31.5 44.2 24.3 4141 0.128 2.665 372 91.5 5.2 3.3
2603 0.202 1.596 18.92 42.9 40.6 16.5 4142 0.097 2.589 175 95.7 2.5 1.8
2604 0.24 1.951 11.15 43.3 40.6 16.1 4150 0.205 2.175 153 87.2 9.3 3.5
2605 0.551 1.292 6.091 44.5 42.7 12.8 4151 0.137 2.525 110 92.8 3.7 3.5
2611 0.13 2.259 39.83 24.8 50.7 24.5 4152 0.234 1.857 83.6 93.5 3 3.5
2612 0.419 1.704 55.12 24.8 53.7 21.5 4160 0.014 2.457 1.06 65 23.8 11.2
2613 0.141 1.907 6.117 24.2 55.3 20.5 4161 0.025 2.448 5.42 63.5 24.8 11.7
2614 0.006 3.839 0.065 24.9 52.3 22.8 4162 0.066 2.052 37.7 64 16.6 19.4
2620 0.398 1.37 7.517 14.6 37.6 47.8 4170 0.148 1.946 47.3 66.5 22.5 11
2621 0.706 1.226 3.974 15.8 34.7 49.5 4171 0.33 1.781 49.09 63.8 24.5 11.7
2622 0.161 1.718 0.57 21.5 31.6 46.9 4180 0.675 1.897 755.5 28.9 59.9 11.2
2652 0.557 1.938 40.781 28.3 49.7 22 4181 0.189 1.934 48.6 24.5 61.6 13.9
2653 0.118 3.193 65.146 80.3 13.2 6.5 4182 0.189 1.938 60.6 23.1 63.3 13.6
2660 0.519 2.305 51.926 13.7 28.4 57.9 4650 0.006 3.428 9.79 92 7 1
2672 0.1 2.593 106.27 10.8 78.2 11 4651 0.109 2.462 190.08 95 4 1
2680 0.227 2.523 578.88 49 33.4 17.6 4660 0.26 2.153 625.54 91 5 4
2681 0.258 1.901 53.568 29.1 30.6 40.3 4661 0.188 2.383 1140.5 92 5 3
2682 0.157 1.989 13.046 40.6 21 38.4 4670 0.031 2.379 88.992 3 90 7
2683 0.695 1.377 35.51 40.9 23.6 35.5 4671 0.029 2.012 12.269 3 88 9
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2690 0.386 3.098 12960 7.1 29.6 63.3 4672 0.02 1.734 2.419 6 76 18
2691 0.369 3.192 7689.6 23.4 33 43.6 4673 0.037 1.775 4.329 5 81 14
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6.2 Materials and Methods to Develop Pedotransfer Functions
Figure 6.2: Observed and fitted retention curve for sand (Code 4440 in Table 6.1)
Figure 6.3: Observed and fitted hydraulic conductivity curve for silt (Code 1330 in Table 6.2)
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6.2.4 Establishment and Validation of Pedotransfer Net
Each of the two prepared databases was separated to two subsets, of which 90% of the samples for training
and the other 10% for testing. Ten hidden nodes were setup for the BPNN. A maximum of 100 iterations
and convergent value of 0.001 for MSE, were setup to control the process of BPNN. After “learning”
the connection “Net” between input layer and output layer for the two soil hydraulic characteristics, the
optimal “Net” with high correlation coefficients for both training and testing datasets has been retained
for predicting. Through putting the measured values in the x-axis and the predicted values in the y-
axis, the linear regression method was used to estimate the correlation between measured and predicted
values. Figures 6.4 and 6.5 show the correlation curves for water retention and hydraulic conductivity,
respectively. The best linear fit is a straight curve with slope of 1.
Figure 6.4: The correlation coefficient between measured values and predicted values for water retention
variables (left figure: for training dataset; right figure: for testing dataset)
As is implied by the name, the correlation coefficient expresses the similarity between two variables.
In the present situation, it reflects the similarity between the values of measured output variables and
the adaptive “Net” predicted values. The higher the correlation coefficient is, the better the “Net” may
be. For water retention characteristic, the “Net” acting on training dataset results in 99.74% correlation.
However, it doesn’t indicate a good “Net”. Both high correlations for training and testing datasets can
ultimately indicate the goodness of the “Net”. In the present study, the best correlation was obtained
from the “Net” for water retention characteristic, 99.74%. The “Net” is also working well in the testing
dataset. The correlation coefficients for hydraulic conductivity are a little lower than the ones in the
water retention. However, the values are still very high.
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Figure 6.5: The correlation coefficient between measured values and predicted values for hydraulic conduc-
tivity variables (left figure: for training dataset; right figure: for testing dataset)
6.3 Results and Discussion
The resulting “Nets” were applied to map the city-scale hydraulic characteristics of the Aachen City in
3-D. The Quaternary deposit of central Aachen City (Figure 4.22) was reconstructed as a 3-D volumetric
model with 120000 hexahedral voxels. Each voxel contains interpolated data of percentage sand, silt
and clay. The three percentages were extracted from the model and saved as an Excel Spreadsheet file.
The position of each data item is identified as the x, y, z coordinates at the center point of the voxel.
The database was then imported to the MATLAB BPNN script. After training by the prepared “Net”,
desired water retention characteristics (θs, θr, α, n) and hydraulic conductivity characteristics (Ks, a, b)
were obtained for each soil item. The predicted hydraulic characteristics were assigned to the geological
model. Figures 6.6 to 6.11 show the distributions of the saturated water content θs and saturated hydraulic
conductivity Ks in the Quaternary deposit of central Aachen City from top to medium to bottom section.
The functional pedotransfer “Net” allows to calculating the hydraulic characteristics of soils with
known textural information. Many researchers have attempts to regress the PTFs for their research area
and used them to predict the unsaturated water content and hydraulic conductivity for their target soils.
Fewer researches aimed at mapping the regional hydraulic characteristics by using continuous PTFs.
One reason for that is lack of enough detailed basic soil properties over the entire area. Thus, they use
empirical class PTFs for grouped soil types to undertake the regional mapping. In the current research, a
reliable 3-D soil fraction model ensures the feasibility of using continuous PTFs to construct a city-scale
soil hydraulic characteristic model.
In terms of the huge database with particle-size fraction data and hydraulic characteristics data, a
lookup table with average hydraulic characteristics for each soil texture class can be derived, which is
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Figure 6.6: Distribution of saturated water content in the top section
Figure 6.7: Distribution of saturated water content in the medium section
130
6.3 Results and Discussion
Figure 6.8: Distribution of saturated water content in the bottom section
Figure 6.9: Distribution of the logarithmic saturated hydraulic conductivity in the top section
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Figure 6.10: Distribution of the logarithmic saturated hydraulic conductivity in the medium section
Figure 6.11: Distribution of the logarithmic saturated hydraulic conductivity in the bottom section
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called class PTFs. Soil items with similar textural composition were grouped together to pursue the
empirical water retention and hydraulic conductivity equations for Aachen urban area for general appli-
cability. The soil type is determined by its primary composition. For example, a sand soil contains more
than 40% sand, and simultaneously the percentage sand is more than percentage silt and clay. The water
retention characteristics (θs, θr, α, n) and hydraulic conductivity characteristics (Ks, a, b) were given by
the mean value of these data in Table 6.3.
Table 6.3: Mean predicted values for Van Genuchten (1985) and Gardner (1958) parameters
θs θr α n a b Ks
cm3/cm3 cm3/cm3 1/cm 1/cm cm/day
Sand 0.392 0.028 0.031 1.449 0.24 2.498 196.018
Silt 0.405 0.012 0.03 1.272 0.233 2.422 164.87
Clay 0.588 0.047 0.112 1.072 0.347 1.867 39.036
The parameters in Table 6.3 were put in the Van Genuchten water retention equation and the Gard-
ner unsaturated hydraulic conductivity equation to plot the empirical hydraulic curves of central Aachen
City (Figures 6.12 and 6.13).
Figure 6.12: Geometric mean Van Genuchten water retention curve for the sand, silt and clay soil texture
(unit: h(cm), θ(cm3/cm3))
The 3-D particle-size fraction model and derived pedotransfer BPNN nets and class PTFs lookup
table make it possible to map the regional soil hydraulic characteristics in the Aachen City and to predict
such values for a specific soil sample. The PTFs are regional productions thus they are not applicable
to regions outside Germany, the Netherlands and Belgium. Despite this, BPNN is demonstrated as a
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Figure 6.13: Geometric mean Gardner hydraulic conductivity curve for the sand, silt and clay soil texture
(unit: h(cm),K(cm/day))
capable and effective tool to construct the PTFs. The prediction capability of the PTFs will be improved
along with the updates of the measured database.
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7Summary and Conclusions
The ability of 3-D geological and attribution modeling to integrate, visualize and analyze spatial surface
and subsurface data gives us new opportunities to capture and interpret geological architectures. Geo-
logical Surveys in the world are digitizing large number of geoscientific information, as well as devoting
themselves to establishing standard methodology of data management, improving techniques to construct
the geological objects, covering their countries with 3-D productions, and applying geological models to
practical applications. The challenges in 3-D geological modeling are twofold: one is to interpret the
available data to characterize the subsurface architecture; the other is to assess the uncertainties in the
interpretation. The geological surface, either horizontal or vertical, is the most important object in 3-D
models. Thus, most of the geological techniques are focusing on using diverse formats of data to construct
geological surfaces.
7.1 Summary of Achievements
This research presents a combination methodology of 3-D geological modeling and 3-D geotechnical mod-
eling for characterizing the shallow subsurface conditions in the urban area. The main purpose of this
work is to provide sustainable city development with sufficient and reliable geological and geotechnical
information. In comparison with the previous traditional 2-D geological maps and descriptions of geology
in textbook, the resulting 3-D productions derived from the proposed methodology are more powerful on
predicting the geology, more informative on representing the complex shallow geology, more capable on
storing and representing geotechnical properties, and easier to be understood by end-users and decision-
makers who have no geoscientific background. The main achievements of this thesis can be summarized
as follows:
(1) A three-step semi-automatic procedure for the quality control of the borehole database has been
proposed. Besides the elimination of duplicates, typing errors, and wrong starting elevations, the geolog-
ical consistency among nearby boreholes were inspected by means of the 3-D geological modeling package.
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(2) A comprehensive 3-D geological modeling procedure which is very suitable for dealing with the
complex geology above the basement has been proposed. The procedure is composed of nine main steps:
1) digitizing the geological borders of main modeled units from the 2-D geological maps, checking these
borders based on the basic rules of the relationships of any two borderlines, and then constructing a 2-D
framework of all geological borders in the modeling area; 2) constructing the geological surfaces through
direct triangulation, which includes fault plane and geological boundaries with simple relief; 3) perform-
ing geostatistic analysis on the geological boundaries with complex relief, which includes processes of
exploring the spatial characteristics of the elevation data of sample points in an areal plane, analyzing
the spatial variability through 2-D variogram analysis, characterizing the spatial auto-correlation along
directions of maximum continuity and minimum continuity by two fitted theoretical models; 4) perform-
ing Kriging interpolation by means of the two theoretical models to estimate the elevation values at
unknown positions within the area of the geological border; 5) generating an initial geological boundary
from the kriged grid points; 6) refining the initial geological boundary via the Discrete Smooth Interpola-
tion through adding point constraints and line constraints to improve the accuracy of resulting geological
boundary; 7) constructing a 3-D structural model visualizing all of the geological boundaries and fault
planes in the modeling area; 8) constructing the final 3-D volumetric model through a framework of
hexahedral cells; and 9) quantifying the uncertainties arise from the whole modeling process.
(3) A 3-D geotechnical modeling procedure based on the resulting geological model has been proposed.
In comparison with the generally applied geotechnical modeling method which assigning each geological
unit with one unique value of property, the proposed procedure can visualize the spatial variability of the
geotechnical property in the whole 3-D geological model. This procedure comprises of four main steps:
1) assigning the values of the analyzed geotechnical property to the hexahedral cells of the 3-D geological
model at their real positions; 2) performing geostatistic analysis to mathematically characterize their
spatial variability, which includes processes of exploring the spatial characteristic of the property in a
3-D space, analyzing the spatial variability through 3-D variogram analysis which is a combination of 2-D
areal variogram and 1-D vertical variogram, characterizing the spatial auto-correlation along directions
of maximum continuity and minimum continuity by two fitted theoretical models; 3) performing Kriging
interpolation by means of the two theoretical models to estimate the property values at unknown cells of
the geological model; and 4) quantifying the uncertainties through Kriging Standard Deviation.
(4) The capability and availability of the combination methodology were tested by the subsurface of
the inner Aachen City, Germany. The dimension of the modeling area is 4 km by 4 km from (2504000
m, 5624000 m) to (2508000 m, 5628000 m). The top limit of the model is the topographic model of
the Earth’s surface, while the bottom limit is the top boundary of the Paleozoic basement. Firstly, the
quality of the collected two borehole databases was controlled by the proposed semi-automatic proce-
dures. Then, the top boundary of the Paleozoic basement which is characterized by the Variscan fold
and thrust belt was constructed. Thirdly, the plane of the Laurensberg normal fault and its disturbance
on the Cretaceous rocks and Quaternary deposits were constructed. Some geological boundaries with
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complex relief were analyzed by the geostatistic approach and predicted by the Kriging interpolation. A
hexahedral voxel based volumetric model including the Quaternary deposits, Cretaceous formations and
top boundary of basement was finally generated. The uncertainties caused by the data density, geological
complexity and interpolation process were assessed by the Kriging standard error and computationally
intensive approach.
(5) A 3-D soil fraction model was constructed based on the volumetric model of the Quaternary
deposits following the 3-D geotechnical modeling procedure. The percentages of gravel, sand, silt and
clay were digitized from the borehole descriptions in terms of the German Standard DIN 4022, and
then assigned to the 120000 voxels of the Quaternary model. 3-D variogram analysis was performed on
the fraction data of the four soils and 3-D variogram models were established to calculate their spatial
variability. Through Ordinary Kriging method, the distributions of percentage gravel, sand, silt and
clay were predicted and represented in each voxel of the geological model. The Kriging Standard De-
viation was considered as the quantification of the uncertainty and correspondingly assigned to the voxels.
(6) A 3-D soil hydraulic characteristic model was constructed based on the soil fraction model. The
pedotransfer functions for transferring basic soil properties (percentage sand, silt and clay) to difficult-
measure soil hydraulic characteristics (volumetric water content and hydraulic conductivity) for Germany,
the Netherlands and Belgium were established based on data mining of the UNSODA Unsaturated Soil
Hydraulic Database via Back-propagation Neural Networks. The percentage data of soil particles were
read from the 3-D soil fraction model and then the soil hydraulic properties on each voxel were inferred.
The systematic workflow for data preprocessing, geological model generation, geotechnical model gen-
eration, and uncertainty assessment adopted in the current study is shown in Figure 7.1.
The achievements of the efforts presented in this study have highlighted a series of advantages regard-
ing the adopted approach, which can be summarized as follows:
(1) The resultant structural surface model is made of linked triangulated surfaces which can represent
the clear stratigraphic architecture of the modeling area with distribution of the mapped units and the
contact among them. It helps to master the complete subsurface structure.
(2) The developed 3-D volumetric model provides a basic framework for further attribution modeling.
The significances of the resulting model are: 1) Storage of attributions. The model described here can be
used as a huge database in which all information is located at the real and right position; 2) Generation of
cross-sections attributed with geological information and geotechnical attributions for construction work;
and 3) Ability of calculation. It provides a 3-D environment for performing the 3-D Kriging interpolation
or Gaussian simulation. The resultant model is accessible to contain more geotechnical and hydrological
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properties by means of very simple way.
(3) The combination of Kriging interpolation with Discrete Smooth Interpolation can not only ensure
the mesh quality but also honor the measured elevation points for geological surface construction.
(4) Based on the 3-D attribution model created following the proposed approach, it is possible to
generate a large number of geotechnical maps with little extra computation.
Figure 7.1: Workflow of the combination methodology for generating the 3-D geological model and geotech-
nical model
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7.2 Outlook
3-D geological modeling is proven to be a robust technique for delineating geological and geotechnical
information in the current study. Possible further improvement and applications of the fundamental 3-D
geological model should include the following aspects:
(1) Data quality and quantity is of paramount importance in constructing a 3-D geological model.
New data acquisition and quality control procedures should be performed in the further work to improve
the reliability of current subsurface model.
(2) The 3-D geological model and attribution model should be applied to site evaluation during the
preliminary assessing stage of construction work or tunnel excavation project to accomplish their merit.
3-D geological models provide engineering geologists with the direct visualization of the subsurface litho-
logical sequence, which help them to identify the geological complex area and problematic rocks and
soils, and finally determine the depth and type of the foundation. When the geological model indicates
that the weak soil is situated below construction sites, detailed and rigorous site investigation should be
implemented.
(3) The 3-D soil fraction model should be linked to interpreting of the emergence of the present
Quaternary morphology. The Quaternary deposit is directly related to the human life, infrastructure
construction and planning of city development. The distribution and alternation of different grain sizes
are valuable information on Quaternary research.
(4) It is a possible work to transfer the topological information of the resultant 3-D geological model
to other numerical platforms and groundwater simulation models to improve the inter-operation between
software. The topological structure in Gocad model is very clear and easy to be understood.
(5) The uncertainty analysis of geological and attributed models should be improved in the future.
The empirical sources of uncertainty, such as measured error of borehole arises from different drilling
techniques, and simplification of subsurface by geomodellers should be considered in the final uncertainty
values.
(6) The groundwater table, more geotechnical and hydrological properties should be added to the
model in the future, in order to improve the applicability of 3-D models to city development.
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